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ABSTRACT
Gray leaf spot is a globally important foliar disease of maize caused by the fungus Cercospora
zeae-maydis. In C. zeae-maydis, light is a critical environmental signal linked to pathogenesis
and secondary metabolism. However, the mechanisms by which the fungus senses and responds
to light are not fully understood. Thus, the overarching goal of this project was to unravel the
connection between light and pathogenesis in C. zeae-maydis. The conserved fungal protein
White Collar-1 (WC-1), designated Crp1 in C. zeae-maydis, senses light and initiates
physiological responses. In fungi, WC-1 functions in the White Collar Complex via interaction
with White Collar-2 (WC-2). In this study, the WC-2 ortholog of C. zeae-maydis, Crp2, was
found to be involved in many of the same processes as Crp1, including pathogenesis. The lightmediated response initiated by Crp1 included transcriptional induction of the conserved circadian
clock component frequency (FRQ1), which also displayed circadian rhythmicity. Deletion of
FRQ1 impaired pathogenesis. Although overexpression of frequency in other fungi impairs clock
function, overexpression of FRQ1 did not impact virulence in wild-type C. zeae-maydis but
partially restored virulence in a Crp1-deficient strain. Characterization of the Defective in
Binding DNA (DBD) region of Crp1 revealed a conserved role in the fungal circadian clock, but
the domain was dispensable for pathogenesis. Additionally, Crp1 and Frq1 regulated the
biosynthesis of, and self-protection against, cercosporin, a light-regulated secondary metabolite
produced by C. zeae-maydis. Specifically, the stress response MAPKKK gene CZK3 and the
cercosporin transporter gene CFP1 showed circadian rhythmicity, and the physiological response
to cercosporin was dependent on the circadian clock. Lastly, Set3, a conserved component of
histone deacetylation, was found to be important for pathogenesis, secondary metabolism, and
transcriptional regulation of FRQ1. These findings suggest that (1) C. zeae-maydis has a

circadian clock, (2) a Crp1/Crp2-mediated light response drives pathogenesis through regulation
of FRQ1, (3) Set3 modulates FRQ1 following Crp1/Crp2 activation possibly through changes in
histone acetylation, and (4) Frq1 has clock-independent role in pathogenesis and a clockdependent role in cercosporin resistance. These phenomena have not been previously described
and substantially advance the fundamental understanding of how C. zeae-maydis utilizes light to
regulate pathogenesis.
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Chapter 1: The Biology of Cercospora Associated with Gray Leaf Spot of Maize

1.1. Summary
Cercospora is among the most prevalent and important groups of plant pathogenic fungi. The
genus is comprised of over 3000 named species that cause disease in a diverse range of plants,
including many major crops. Individual species, however, are generally limited to a narrow host
range. Gray leaf spot is a globally important foliar disease of maize that can be particularly
damaging in developing regions of world. The disease is caused by two closely related species,
C. zeae-maydis and C. zeina. Symptoms are initially apparent as small tan spots with chlorotic
margins. As disease progresses, lesions become gray with a rectangular shape defined by leaf
veins. Individual lesions may coalesce leading to leaf blight under heavy disease pressure. This
reduction in the photosynthetic capacity of the plant can result in yield losses of 65% or more.
Despite the importance of gray leaf spot in global maize production, the fundamental biology
underlying how C. zeae-maydis and C. zeina cause disease is poorly understood. As such, it is
unknown how potential differences between the two pathogens could impact current
management practices and/or the development of novel control strategies. To close this
knowledge gap, C. zeae-maydis has been harnessed as a model to dissect the fundamental
biology of gray leaf spot pathogens and other Cercospora species. Light is a critical
environmental signal tied to development, secondary metabolism, and pathogenesis in C. zeaemaydis. Recent advances in C. zeae-maydis and other fungi have provided new insights into how
light influences the fundamental biology of fungal pathogens. This chapter reviews the current
understanding of the biology of Cercospora associated with maize and integrates this knowledge
and new information to provide updated perspectives. Lingering questions on the connection
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between light, development, and pathogenesis in gray leaf spot pathogens and how the current
work is approaching these questions using C. zeae-maydis as a model to understand the biology
of Cercospora associated with maize are presented.

1.2. Cercospora is an important genus of plant pathogenic fungi within the class
Dothideomycetes
Dothideomycetes is one of the largest and most diverse classes of the Ascomycota with an
estimated 19,000 species (Ainsworth, Bisby, and Kirk 2008; Hyde et al. 2013; Schoch et al.
2009). Representatives from Dothideomycetes are present in nearly all environments habitable
by fungi (Schoch et al. 2009). Dothideomycetes include many genera of major plant pathogenic
fungi, such as Cochliobolus, Pyrenophora, Mycosphaerella, Setosphaeria, Zymoseptoria, and
Cercospora (Figure 1.1) (Ohm et al. 2012; Schoch et al. 2009; Wijayawardene et al. 2014).
Cercospora species have long been associated with foliar plant diseases (Chupp 1954;
Groenewald et al. 2013). Cercospora diseases impact a wide range of plants, including many
important crops, such as coffee, peanut, soybean, sugar beet, and maize (Chupp 1954;
Groenewald et al. 2013). Despite the broad host range of Cercospora and many shared
morphological characteristics among species within the genus, the host range for individual
species is typically narrow. Many Cercospora species exhibit a high level of host specificity and
are often named based on host. For example, C. arachidicola causes early leaf spot of peanut
(Arachis hypogaea), C. sojina causes frogeye leaf spot of soybean (Glycine max) and its
progenitor G. soja, and C. beticola causes Cercospora leaf spot of sugar beet (Beta vulgaris) and
other Beta species (Chupp 1954; Groenewald et al. 2013, 2006).
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1.3. Cercospora zeae-maydis and C. zeina cause the foliar disease gray leaf spot of maize
Gray leaf spot is one of the most important foliar diseases of maize (Zea mays) worldwide
(Latterell and Rossi 1983; Ward et al. 1999). The disease was first reported in Illinois in 1925, at
which time the casual agent, Cercospora zeae-maydis, was named and described (Tehon and
Daniels 1925). Studies on genetic diversity in C. zeae-maydis identified two distinct groups
(Group I and Group II) associated with gray leaf spot, which led to the hypothesis that Groups I
and II were cryptic sibling species (Goodwin, Dunkle, and Zismann 2001; Wang, Levy, and
Dunkle 1998). Cercospora zeae-maydis Group II was later named C. zeina based on genetic and
morphological differences (Crous et al. 2006). Although both C. zeae-maydis and C. zeina are
present in most maize growing regions of the world, C. zeae-maydis is the predominant species
in the United States while C. zeina predominates in Africa and parts of China (Dunkle and Levy
2000; Goodwin, Dunkle, and Zismann 2001; Meisel et al. 2009; Muller et al. 2016; Wang, Levy,
and Dunkle 1998).
Cercospora zeae-maydis and C. zeina are only known to infect maize and primarily survive
intercrop periods in infested maize residue on or near the soil surface (de Nazareno, Lipps, and
Madden 1993; Payne, Duncan, and Adkins 1987; Payne and Waldron 1983; Ward et al. 1999).
Following periods of high humidity in early spring, conidiophores emerge from infested residue
and produce conidia. Conidia are then dispersed to young maize plants by wind (Payne, Duncan,
and Adkins 1987). Primary infection generally occurs on the lower leaves of the developing
canopy during extended periods of high relative humidity and leaf wetness (Rupe, Siegel, and
Hartman 1982). Under favorable conditions, lesions from the primary infections produce conidia
that are dispersed by wind or rain to the upper leaves (Rupe, Siegel, and Hartman 1982). During
short periods of less favorable conditions, conidia or germlings may remain dormant and resume
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development when conditions become favorable (Thorson and Martinson 1993; Ward et al.
1999). Cercospora zeae-maydis can additionally undergo microcycle conidiation when faced
with unfavorable conditions (Lapaire and Dunkle 2003). During microcycle conidiation, conidia
produce one or more conidiophores shortly after germination, which gives rise to conidia without
intervening vegetative growth (Lapaire and Dunkle 2003). Microcycle conidiation in C. zeaemaydis has been observed on the surface of maize leaves (Ridenour and Bluhm, unpublished
data) as well as on trichomes of soybean (G. max) and Johnsongrass (Sorghum halepense)
(Lapaire and Dunkle 2003), which could facilitate survival under unfavorable conditions and/or
the spread of disease over long distances in the absence of maize.
Gray leaf spot symptoms are initially apparent as small tan spots with chlorotic margins. As
lesions mature they become gray with a distinctive rectangular shape typically delineated by leaf
veins (Latterell and Rossi 1983; Ward et al. 1999). Lesion expansion often leads to coalescent
lesions and leaf blighting (Latterell and Rossi 1983; Ward et al. 1999). Yield losses associated
with gray leaf spot are primarily due to reductions in the photosynthetic capacity of the plant
(Lennon et al. 2016). Reduced photosynthesis during grain filling can have a major impact on ear
size as well as kernel size and the number of kernels per ear (Lennon et al. 2016; Ward et al.
1999). Under severe disease pressure, gray leaf spot can cause yield losses of 65-70% in some
growing regions of the world (Ngoko et al. 2002; Ward et al. 1999). Gray leaf spot can also
predispose plants to infection by stalk-rot pathogens, which can lead to lodging and/or premature
plant death (Ward et al. 1999). Interestingly, discoloration of host tissue surrounding developing
lesions is predominately associated with intercellular growth of the pathogen, which suggests
that fungal-derived toxins might be important for infection and colonization by C. zeae-maydis
(Beckman and Payne 1982).
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1.4. Cercospora zeae-maydis produces the phytotoxic, secondary metabolite cercosporin
Many Cercospora species are known to produce the phytotoxic secondary metabolite
cercosporin (Daub and Ehrenshaft 2000; Daub, Herrero, and Chung 2005). Cercosporin has long
been considered a non-host-specific toxin essential for virulence in Cercospora (Daub, Herrero,
and Chung 2005). Cercosporin is a polyketide-derived, photosensitizing perylenequinone that
has high cellular toxicity (Choquer et al. 2005; Daub, Herrero, and Chung 2005). The absorption
of light energy catalyzes conversion of cercosporin to an energetically active triplet state (Daub
1982; Yamazaki et al. 1975). The activated compound generates reactive oxygen species, such as
singlet oxygen (1O2) and superoxide (O2−), which cause peroxidation of membrane lipids leading
to electrolyte leakage and cell death (Daub 1982; Daub and Briggs 1983; Daub and Hangarter
1983). Cercosporin has broad-spectrum toxicity to most organisms including bacteria, fungi,
plants, and mice as well as a number of cancer cell types (Batchvarova, Reddy, and Bennett
1992; Daub 1987; Gwinn, Stelzig, and Brooks 1987; Mastrangelopoulou et al. 2019; Yamazaki
et al. 1975). Although Cercospora species are resistant to cercosporin, the mechanisms
underlying cercosporin resistance are not fully understood.
Membrane transporters have a known role in cercosporin resistance (Amnuaykanjanasin and
Daub 2009; Callahan et al. 1999). Two predominant transporter superfamilies, the ATP-binding
cassette (ABC) superfamily and the major facilitator superfamily (MFS), are present in
filamentous fungi (Stergiopoulos, Zwiers, and De Waard 2002). Members of both ABC and MFS
transporter superfamilies contribute to cercosporin resistance. For example, the ABC
transporters, ATR1 and ATR2 of Cercospora species and Snq2 of Saccharomyces cerevisiae,
and the MFS transporters, CFP (cercosporin facilitator protein) of Cercospora species and Mfs1
orthologs from Botrytis cinerea and Zymoseptoria tritici, are involved in resistance to
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cercosporin (Amnuaykanjanasin and Daub 2009; Callahan et al. 1999; Hayashi, Schoonbeek, and
De Waard 2002; Roohparvar et al. 2007; Ververidis et al. 2001). Notably, the cercosporin toxin
biosynthesis (CTB) gene cluster, which is responsible for cercosporin biosynthesis (discussed in
further detail below), was recently expanded to include the CFP-encoding gene CFP (Chen et al.
2007; de Jonge et al. 2018).
In addition to membrane transporters, PDX1, an essential component of pyridoxine (vitamin
B6) biosynthesis, CRG1, a zinc-cluster transcription factor, and Aif1, an oxidoreductase involved
in the regulation of apoptosis, have established roles in resistance to cercosporin (Callahan et al.
1999; Chung et al. 2003; Ehrenshaft et al. 1998; Herrero, Amnuaykanjanasin, and Daub 2007;
Ververidis et al. 2001). PDX1 (previously named singlet oxygen resistance 1, SOR1) is required
for resistance to cercosporin and other singlet oxygen generating photosensitizers (Callahan et al.
1999; Ehrenshaft et al. 1998, 1999). CRG1 (cercosporin resistance gene 1) is specifically
required for resistance to cercosporin, although it also has a role in cercosporin production
(Callahan et al. 1999; Chung et al. 1999, 2003). Lastly, a homolog of the mammalian apoptosisinducing factor with oxidoreductase activity, Aif1 (previously named cercosporin photosensitizer
detoxification 1, Cpd1) mediates cercosporin resistance in S. cerevisiae (Ververidis et al. 2001).
Cercosporin has a demonstrated role in virulence of some Cercospora species. An early
connection between cercosporin and virulence was found in C. beticola (Steinkamp et al. 1981).
Cercospora beticola infection and exogenous application of cercosporin caused similar
membrane damage in sugar beet (Steinkamp et al. 1981). (Upchurch et al. 1991) identified
spontaneous and UV-induced mutants of C. kikuchii that were impaired in cercosporin
production and nonpathogenic on soybean. Cercosporin has also been extracted from a number
of infected hosts (Fajola 1978; Kuyama and Tamura 1957; Venkataramani 1967), which suggests
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that cercosporin biosynthesis occurs during pathogenesis. However, it is not yet clear if
cercosporin is a virulence factor for all Cercospora species. Notably, a link between cercosporin
and virulence has not been established in a Cercospora infecting a monocot host.
Cercospora zeae-maydis produces cercosporin in vitro whereas C. zeina does not (Crous et
al. 2006; Goodwin, Dunkle, and Zismann 2001). Both species cause large coalescing lesions
during maize infection, a symptom generally absent from cercosporin-deficient mutants in other
Cercospora species (Crous et al. 2006; Daub, Herrero, and Chung 2005). The core cercosporin
toxin biosynthesis (CTB) cluster has been identified in both C. zeae-maydis and C. zeina. The
core CTB clusters of C. zeae-maydis and C. zeina span approximately 24 kb, consist of eight
genes (CTB1-8), and are highly similar to the characterized CTB clusters of C. nicotianae and C.
beticola (Chen et al. 2007; de Jonge et al. 2018; Newman and Townsend 2016; Swart et al.
2017). Notably, the oxidoreductase-encoding gene, CTB7, in C. zeina contained several
insertions and deletions compared to the C. zeae-maydis CTB7 (Swart et al. 2017). Cercospora
zeina expressing the full-length C. zeae-maydis CTB7 accumulated a red pigment that was
confirmed to be cercosporin (Swart et al. 2017). This suggests that C. zeina carries a defective
CTB7 but maintains other machinery required for cercosporin biosynthesis (Swart et al. 2017),
and the pathogen may produce cercosporin or a structural variant by coopting an alternative
oxidoreductase during maize infection. Another possibility is that cercosporin is one of a suite of
host-specific and/or non-host-specific toxins produced by C. zeae-maydis and C. zeina and may
not be critical virulence determinant for maize infection.
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1.5. Management of gray leaf spot remains difficult, and sources of genetic resistance are
lacking
Complete resistance to gray leaf spot is not known in any maize line, and managing the disease
requires the integration of multiple control strategies (Ward and Nowell 1998). Current strategies
to control gray leaf spot include the use of less-susceptible hybrids, rotation with non-host crops
(e.g., soybean or wheat), conventional tillage practices to manage residue, and foliar fungicides
(Neves and Bradley 2019; Nsibo et al. 2019; White and Munkvold 2016). Foliar fungicide can be
a cost-effective strategy to control gray leaf spot when susceptible hybrids are planted and/or
conditions are favorable for disease development (Bradley and Pedersen 2011; Munkvold et al.
2001; Ward et al. 1996). Quinone outside inhibitors (QoI) and demethylation inhibitors (DMI)
are the primary fungicide classes used to control gray leaf spot (Bradley and Ames 2010; Ward
et al. 1999). However, effective fungicides may not be available or may be cost prohibitive in
some regions. In addition, continuous use of fungicides from the same class increases selective
pressure for the emergence and spread of fungicide resistance (Price et al. 2015; Standish et al.
2015). Known resistance to gray leaf spot is controlled by small-effect quantitative trait loci
(QTLs) involved in multiple disease resistance (Benson et al. 2015; Clements, Dudley, and
White 2000; Wisser et al. 2011; Yang et al. 2017).

1.6. Cercospora zeae-maydis and C. zeina employ a sophisticated developmental strategy to
initiate disease
Cercospora species evolved an infection strategy that exploits host stomata as a point of ingress
(Abdou, Gregory, and Cooper 1974; Carisse and Kushalappa 1992; Kim et al. 2011a; Rathaiah
1976, 1977; Souza et al. 2011). Stomata are natural openings in the plant epidermis that
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facilitate gas exchange with the environment (Gorton, Williams, and Assmann 1993; Hubbard
and Webb 2015). Prior to entering the host, C. zeae-maydis and C. zeina undergo a defined
developmental process that includes spore germination, perception of stomata, reorientation of
hyphal growth toward stomata, and the formation of infection structures (historically known as
appressoria) over stomata (Kim et al. 2011a, 2011b). This process is collectively termed prepenetration infectious development (Kim et al. 2011a, 2011b). Cercospora species, including C.
zeae-maydis and C. zeina are thought to locate stomata by means of a tropic response to a cue or
cues associated with open stomata (Beckman and Payne 1982; Kim et al. 2011a; Rathaiah 1977).
Although some Cercospora species have been reported to directly penetrate the plant epidermis
(Babu et al. 2009; Babu, Philip, and Kumar 2007), the ability to effectively locate host stomata
represents an essential pathogenic milestone for other Cercospora species, including C. zeaemaydis and C. zeina (Abdou, Gregory, and Cooper 1974; Kim et al. 2011a; Rathaiah 1977;
Souza et al. 2011).

1.7. Light is an essential environmental signal C. zeae-maydis biology
Light is an essential environmental signal tied to morphogenesis, secondary metabolism, and prepenetration infectious development in C. zeae-maydis (Bluhm et al. 2008; Bluhm and Dunkle
2008; Kim et al. 2011a; Shim and Dunkle 2002). When grown in constant darkness on the host,
C. zeae-maydis displays a “blind” phenotype, wherein the fungus lacks stomatal tropism and
fails to produce appressoria when stomata are randomly encountered (Kim et al. 2011b). The
photoreceptor/transcriptional regulator Crp1, the C. zeae-maydis ortholog of White Collar-1
(WC-1) of Neurospora crassa, mediates pre-penetration infectious development (Kim et al.
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2011b). Disruption of Crp1 results in a blind phenotype similar to that observed in constant
darkness and impaired pre-penetration infectious development (Kim et al. 2011b).
The Crp1 ortholog, WC-1, is the primary photoreceptor and also a central component of
the circadian clock in N. crassa (Baker, Loros, and Dunlap 2012; Dasgupta et al. 2016; Froehlich
et al. 2002; Froehlich, Loros, and Dunlap 2003). Along these lines, our group has recently
discovered that Frq1 of C. zeae-maydis, the ortholog of the circadian pacemaker FREQUENCY
(FRQ) of N. crassa, has a role in stomatal tropism and appressorium formation. The only known
molecular function of FRQ of N. crassa is in the negative arm of the circadian clock (Baker,
Loros, and Dunlap 2012). Thus, evidence suggests that Crp1-mediated light sensing may
coordinate pre-penetration infectious development through a circadian clock in C. zeae-maydis.

1.8. Circadian clocks underpin environmental adaptation
Most organisms are exposed to periodic environmental changes during day-night cycles. As
such, organisms from almost all branches of life rely on an endogenous mechanism known as a
circadian clock to anticipate day-night cycles (Dunlap 1999; Hurley, Loros, and Dunlap 2016).
Circadian clocks are minimally comprised of input, a central oscillator, and output, which
function together to drive biological rhythms that help organisms adapt to diurnal changes in the
environment (Baker, Loros, and Dunlap 2012; Bruce and Pittendrigh 1957). Clock-driven
biological rhythms are defined by three characteristic features: (1) the rhythm approximates a 24hour period and persists under free running conditions (i.e., in the absence of environmental
input); (2) the rhythm is entrained or synchronized by environmental input; and (3) the rhythm
and period are stable in physiological relevant conditions (Johnson, Elliott, and Foster 2003;
Pittendrigh 1960). In many organisms, including fungi, the central oscillator sustains biological
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rhythms via a transcription-translation feedback loop (TTFL) composed of two parts: a positive
arm, which opens the TTFL by driving transcription of negative arm components, and a negative
arm, which, following translation, closes the TTFL by inhibiting the activity of the positive arm
(Dunlap 1999; Hurley, Loros, and Dunlap 2016; Mohawk, Green, and Takahashi 2012).
Progress in model systems has led to increased understanding of the structure and function of
circadian systems. Neurospora crassa has long served as a model for fungal biology and as the
workhorse study system for fungal circadian clocks (Baker, Loros, and Dunlap 2012). In N.
crassa, light is a primary input for the circadian clock, and WHITE COLLAR-1 (WC-1) is a
photoreceptor and transcriptional regulator (Cheng et al. 2003; Dasgupta et al. 2016; Froehlich et
al. 2002). Light-activated WC-1 physically interacts with WHITE COLLAR-2 (WC-2), which is
also required for light responses, to form the White Collar Complex (WCC) (Baker, Loros, and
Dunlap 2012; Belden, Loros, and Dunlap 2007; Linden and Macino 1997). The WCC functions
as the positive arm of a central circadian oscillator by activating expression of frequency (frq)
(Froehlich et al. 2002; Froehlich, Loros, and Dunlap 2003). Following frq translation, FRQ
associates with the FRQ-interacting RNA helicase (FRH) and functions as the negative arm of
the central oscillator by inhibiting the activity WCC, and, thus, repressing frq expression
(Hurley, Loros, and Dunlap 2016). As a core clock component, expression of frq oscillates in a
circadian manner and provides a robust readout for clock activity (Dunlap 1999; Baker, Loros,
and Dunlap 2012). The Defective in Binding DNA (DBD) region of WC-1 is dispensable for
light regulated expression of frq but is required for circadian oscillation of frq expression (Wang
et al. 2014, 2016). When the DBD region is mutated, N. crassa maintains WC-1-dependent
lights responses but WC-1-dependent circadian regulation is abolished (Wang et al. 2016). This
mutation provides a unique genetic tool to differentiate light regulation versus circadian
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regulation. Despite decades of work to elucidate the circadian clock of N. crassa, very little is
known regarding circadian regulation in pathogenic fungi.

1.9. Circadian clocks have an established role in plant-pathogen interactions
Although recent evidence has revealed that plant defense is under circadian regulation (Wang et
al. 2011; Zhang et al. 2013), much of the work has emphasized the contribution of the plant
clock, while the contribution of a pathogen clock has been largely ignored. Taking advantage of
the model Botrytis cinerea-Arabidopsis thaliana pathosystem (Williamson et al. 2007; Windram
et al. 2012), the first study exploring the circadian clock in pathogenic fungi was recently
published (Hevia et al. 2015). Botrytis cinerea is a necrotrophic fungus with a broad host range
(Dean et al. 2012; Williamson et al. 2007). Under controlled conditions, B. cinerea will infect the
model plant Arabidopsis (Williamson et al. 2007; Windram et al. 2012). The extent to which B.
cinerea colonizes Arabidopsis is dependent on the time of day when the interaction occurs, as it
has been demonstrated that colonization is greater when Arabidopsis is inoculated at dusk
compared to dawn (Hevia et al. 2015; Ingle et al. 2015). It has also been established that B.
cinerea has a circadian clock similar in structure and function to that described in N. crassa,
namely that orthologs of WC-1 and FRQ drive opposite arms of a central oscillator (Canessa et
al. 2013; Hevia et al. 2015). Using genetically defined mutants of B. cinerea and Arabidopsis, it
was found that the B. cinerea circadian clock influences virulence (Hevia et al. 2015). However,
the specific role the B. cinerea circadian clock plays in pathogenesis is not clear. Interestingly,
the time-of-day response to B. cinerea was also found to rely on the Arabidopsis circadian clock
(Ingle et al. 2015). Increased colonization associated with dawn inoculation persists in constant
light (a condition which disrupts the circadian clock in the fungus but not the plant) but is
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disrupted in Arabidopsis clock mutants (Ingle et al. 2015), which demonstrates that the
Arabidopsis clock is involved in the time-of-day response to B. cinerea.

1.10. Cercospora zeae-maydis provides a unique system to elucidate circadian clock function
in plant pathogenic fungi
Cercospora zeae-maydis has evolved an infection strategy that exploits stomata to enter the host
(Beckman and Payne 1982; Kim et al. 2011a). Prior to entering the host, C. zeae-maydis
undergoes pre-penetration infectious development, which includes spore germination, perception
of stomata, reorientation of hyphal growth toward stomata, and the formation of appressoria over
stomata (Kim et al. 2011a). Cercospora zeae-maydis and other Cercospora species are thought
to locate stomata by means of a tropic response to a cue or cues associated with open stomata
(Beckman and Payne 1982; Kim et al. 2011a; Rathaiah 1977). As such, effectively locating
stomata and forming appressoria are essential for pathogenesis. Stomata are natural openings in
the plant epidermis that facilitate gas exchange with the environment (Hubbard and Webb 2015).
Stomata generally open in anticipation of or in response to light at daybreak and close at night.
Changes in stomatal aperture are controlled, at least in part, by the circadian clock in the plant
(Gorton, Williams, and Assmann 1993; Hassidim et al. 2017; Hubbard and Webb 2015). Light
and the photoreceptor/transcriptional regulator, Crp1, are required for stomatal tropism and
appressorium formation by C. zeae-maydis (Kim et al. 2011a). The Crp1 ortholog, WC-1 of N.
crassa, is the primary photoreceptor and also a central component of the circadian clock (Baker,
Loros, and Dunlap 2012; Kim et al. 2011b). We have recently discovered that Frq1 of C. zeaemaydis, the ortholog of the circadian pacemaker FRQ of N. crassa, has a role in stomatal tropism
and appressorium formation. Together, this suggests that the signal underlying stomatal tropism
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and/or appressorium formation may be available in a time-of-day-dependent manner and that C.
zeae-maydis may utilize a Crp1- and Frq1-dependent circadian clock to synchronize prepenetration infectious development with diurnal changes in host physiology.

1.11. An expanding toolbox is accelerating molecular genetics in C. zeae-maydis and C.
zeina
The genome of C. zeae-maydis strain SCOH1-5 (Shim and Dunkle 2002; Kim et al. 2011b) was
sequenced and made available through the Joint Genome Institute (http://genome.jgi.doe.gov)
(Bluhm, unpublished data). The relatively small, haploid genome is estimated to be 46.61 megabases (Mb) and predicted to encode 12,020 genes. Recently, a draft genome of an African isolate
of C. zeina (CMW 25467) was reported (Wingfield et al. 2017), and genome sequencing for a
U.S. isolate of C. zeina (USPA-4) is underway (Bluhm, unpublished data). Cercospora zeaemaydis and C. zeina are tractable in laboratory conditions and amenable to genetic and molecular
studies (Bluhm et al. 2008; Bluhm and Dunkle 2008; Kim et al. 2011b; Shim and Dunkle 2003).
Unlike many obligate plant pathogenic fungi (e.g., rust and mildew pathogens), C. zeae-maydis
and C. zeina are readily cultured on defined media and a number of tools are available to
facilitate genetic manipulation in both fungi (Bluhm and Dunkle 2008; Kim et al. 2011b; Shim
and Dunkle 2003; Swart et al. 2017). The fungi can be genetically transformed via protoplastmediated (Shim and Dunkle 2003) and Agrobacterium tumefaciens-mediated (Lu et al. 2017;
Swart et al. 2017) approaches. Accordingly, molecular genetics studies in C. zeae-maydis and C.
zeina have improved our understanding of pathogenesis in these important foliar pathogens as
well as in other pathogenic fungi. For example, (Shim and Dunkle 2003) identified the C. zeaemaydis gene CZK3 through analysis of a cDNA subtraction library enriched for genes up-
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regulated during cercosporin biosynthesis. CZK3 encodes a mitogen activated protein kinase
kinase kinase orthologous to OS-4 of N. crassa (Shim and Dunkle 2003). Targeted disruption of
CZK3 abolished cercosporin accumulation, conidia production, and lesion development (Shim
and Dunkle 2003), which provided valuable insights into the regulatory network underlying
pathogenicity in C. zeae-maydis and demonstrated the potential usefulness of molecular genetics
in this pathogen.

1.12. Unanswered questions and overview of this work
Our work and the work of others has led to two hypotheses: (1) a circadian clock driven by Crp1
and Frq1 in C. zeae-maydis mediates pre-penetration infectious development and light is
primarily required for entrainment of the clock, or (2) a Crp1-mediated light response governs
pre-penetration infectious development and Frq1 plays a clock-independent and yet undescribed
role. Thus, the overarching goal of this research is to construct a working model explaining the
connection between the putative circadian clock components Crp1 and Frq1 and pre-infectious
development in C. zeae-maydis by testing these hypotheses. Four specific aims have been
developed to help reach this goal.
Aim 1: Elucidate the regulatory influence of light and Crp1 on the expression of FRQ1
and define the roles of Crp1 and Frq1 in a circadian oscillator. Circadian systems are
minimally comprised of three fundamental elements: (1) input, (2) central oscillator, and (3)
output. In N. crassa, light is the primary circadian input, and WC-1 is the primary photoreceptor.
As such, light drives WC-1-mediated expression of the circadian pacemaker gene frq. Three
characteristic features define clock-driven circadian rhythms: (1) the rhythm approximates a 24hour period and persists in the absence of environmental input; (2) the rhythm is entrained or
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synchronized by environmental input; and (3) the rhythm and period are stable in physiological
relevant conditions. In many organisms, including fungi, the central oscillator sustains circadian
rhythms via a transcription-translation feedback loop (TTFL) composed of two parts: (1) a
positive arm, which opens the TTFL by driving transcription of negative arm components, and
(2) a negative arm, which closes the TTFL by inhibiting the activity of the positive arm and, by
extension, its own expression. In N. crassa, WC-1 functions in the positive arm of the central
oscillator by activating expression of the negative arm component frq. The expression of frq,
thus, oscillates in a circadian fashion and provides a readout for clock activity. Additionally,
constant light and loss of WC-1 disrupt the oscillation of frq expression. The purpose of Aim 1 is
to establish if a similar environmental input module is present in C. zeae-maydis and to elucidate
if Crp1 and Frq1 drive a circadian oscillator in C. zeae-maydis that is similar to what has been
described in N. crassa.
Aim 2: Dissect the contributions of Crp1 and Frq1 to pre-infectious development. The
extent to which circadian regulation contributes to fungal pathogenesis is not known. In C. zeaemaydis, light is an essential signal tied to pre-infectious development. The fungus lacks apparent
stomatal tropism when grown in constant darkness on the host, and disruption of Crp1 results in
a similar “blind” phenotype. Preliminary evidence indicates that Frq1 is required for preinfectious development. However, the extent to which light and Crp1 quantitatively impact
aspects of pre-infectious development and the contribution of Frq1 to specific developmental
transitions on the host are largely unknown. The purpose of Aim 2 is to elucidate how individual
clock components (i.e., input, central oscillator) influence specific morphogenetic transitions
during pre-infectious development.
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Aim 3: Characterize the extent to which the DBD region of Crp1 impacts expression of
FRQ1. In N. crassa, WC-1 is central to light response and circadian regulation. The Defective in
Binding DNA (DBD) region of WC-1 is required for circadian oscillation of frq but not lightinduced frq expression. Therefore, when the DBD region is mutated the fungus retains WC-1dependent light response but loses circadian clock function. This mutation provides a unique
genetic tool to differentiate light response and circadian regulation. The purpose of Aim 3 is to
decouple light response and circadian regulation through functional characterization of the Crp1
DBD region.
Aim 4: Determine the role of Set3 in the light-regulated biology of C. zeae-maydis. The
overarching goal of Aim 4 is to identify components of signal transduction underlying the
connection between light, conserved components of the fungal circadian clock, and pathogenesis
in C. zeae-maydis by “piggy-backing” on two independent and ongoing genetic screens (Bluhm,
unpublished data). The primary goals of these genetic screens are to: (1) identify proteins and/or
genetic elements involved in pre-penetration infectious development in C. zeae-maydis; and (2)
identify proteins and/or genetic elements involved in the production of and resistance to
cercosporin, a phytotoxic secondary metabolite produced by species of Cercospora, including C.
zeae-maydis. It was reasoned that mutants defective in pre-penetration infectious development
and/or cercosporin biosynthesis could provide a resource to identify mechanisms underlying the
interaction between a circadian clock and pre-penetration infectious development in C. zeaemaydis.
Surprisingly, one mutant from each genetic screen was found to carry a mutation in the SET3
gene, which putatively encodes an ortholog of Set3 of Saccharomyces cerevisiae. Set3 of S.
cerevisiae is a central component of the Set3 histone deacetylase complex (Set3C) required for
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deacetylation of histones H3 and H4. Histone deacetylation is associated with transcriptional
repression. In Saccharomyces cerevisiae, Set3C has a role in modulating expression kinetics
during environmental transitions. Interestingly, WC-1-mediated light responses and chromatin
remodeling at the frequency locus in N. crassa are dependent on histone acetylation status.
However, the responsible acetylases/deacetylases have not been fully elucidated and Set3 has not
been characterized in N. crassa. Together, this leads to two hypotheses: (1) Set3 acts
downstream of Crp1 via Set3C to fine-tune the regulatory network underlying response to light
(wherein FRQ1 will serve as a readout) through histone modification, or (2) Set3 governs the
regulatory network underlying response to light (wherein FRQ1 will serve as a readout)
downstream of Crp1 in manner independent of Set3C. The specific purpose of Aim 4 is to
determine the role Set3 fits in the light-regulated biology of C. zeae-maydis.

1.13. Significance of this work
The fungus Cercospora zeae-maydis is an important foliar pathogen of maize that only infects
through stomata. Light is a critical environmental signal underlying the infection biology of C.
zeae-maydis. Many organisms rely on a light-regulated circadian clock to anticipate diurnal
changes in the environment and adapt accordingly. Recent evidence suggests that a circadian
clock in C. zeae-maydis may drive aspects of its infection biology. Circadian regulation is central
developmental driver for many organisms, yet little is known regarding clock function in
pathogenic fungi. This work defines the central circadian oscillator in C. zeae-maydis and begins
to reveal the extent to which circadian regulation influences host infection. As such, this work
provides new mechanistic insight into how fungi regulate developmental strategies underlying
pathogenesis and helps generate testable hypotheses to help steer future research. In addition,
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understanding a link between circadian regulation and fungal virulence could potentially
augment efforts to identify novel antifungal targets and improve disease resistance to C. zeaemaydis and other pathogens.
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1.15. Figures

Figure 1.1. The phylogenetic relationship of Cercospora species (including C. zeae-maydis and
C. zeina) and other fungi within the Ascomycota. The unscaled cladogram was generated using
CVTree (Wang et al. 2009).
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Chapter 2: The White Collar Complex and FREQUENCY Drive Pathogenesis in
Cercospora zeae-maydis

2.1. Summary
Cercospora zeae-maydis is a globally important fungal pathogen of maize that exploits stomata
to enter the host. Prior to entry, C. zeae-maydis undergoes pre-penetration infectious
development, a process that includes germination, stomatal tropism, and appressorium formation.
Light is a central environmental signal underlying pathogenesis in C zeae-maydis. Evidence
suggests that the conserved fungal protein White Collar-1 (WC-1), designated Crp1 in C. zeaemaydis, is primarily responsible for sensing light and initiating a response. WC-1 functions in the
White Collar Complex (WCC) via interaction with White Collar-2 (WC-2) in other fungi. The
WC-2 ortholog, designated Crp2, was found to be involved in many of the same processes as
Crp1, including asexual reproduction and aspects of pathogenesis (e.g., pre-penetration
infectious development and lesion formation). These results indicate the two proteins comprise a
WCC in C. zeae-maydis and light coordinates pathogenesis through the WCC. In addition, the
Crp1-mediated light response was found to include transcription of the conserved circadian clock
component frequency (FRQ1). FRQ1 was induced by light in a Crp1-dependent manner and
show circadian rhythmicity in the absence of environmental input, suggesting that C. zeaemaydis has a circadian clock. Deletion of FRQ1 impaired pathogenesis similarly to what was
observed in Crp1- or Crp2-deficient strains. Overexpression of frequency has been shown to
impair clock function in other fungi. However, FRQ1 overexpression did not impact virulence in
the wild type but partially restored virulence in a Crp1-deficient strain. It was additionally found
that Crp1 and Frq1 are important for the appropriate regulation of and self-protection against
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cercosporin, a light-regulated secondary metabolite produced by C. zeae-maydis. Furthermore,
the stress response MAPKKK gene (CZK3) and a cercosporin transporter gene (CFP1) showed
circadian rhythmicity, and the physiological response to cercosporin was dependent on the
circadian clock. These results suggest that a Crp1-mediated light response drives pathogenesis by
regulating expression of FRQ1 and Frq1 may have a clock-independent role in the process, a
phenomenon that has not been described previously. In addition, these results provide the first
evidence that Frq1 is involved in fungal secondary metabolism and likely has a clock-dependent
role in self-protection against a fungal-derived secondary metabolite.

2.2. Introduction
Most organisms are exposed to periodic environmental changes during day-night cycles and, as
such, rely on an endogenous mechanism known as a circadian clock to anticipate day-night
cycles (Dunlap 1999; Hurley, Loros, and Dunlap 2016). Circadian clocks are minimally
comprised of input, a central oscillator, and output, which together drive biological rhythms. It is
these biological rhythms that help organisms adapt to daily changes in the environment (Baker,
Loros, and Dunlap 2012; Bruce and Pittendrigh 1957). Biological rhythms driven by circadian
clocks share three characteristic features: (1) the rhythm approximates a 24-hour period and
persists in the absence of environmental input; (2) the rhythm is entrained or synchronized by
environmental input; and (3) the rhythm and period are stable in physiological relevant
conditions (Johnson, Elliott, and Foster 2003; Pittendrigh 1960). In many organisms, including
fungi, the central oscillator sustains biological rhythms via a transcription-translation feedback
loop (TTFL) (Hurley, Loros, and Dunlap 2016). The TTFL is composed a positive arm, which
opens the loop by driving transcription of negative arm components, and a negative arm, which
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closes the loop by inhibiting the activity of the positive arm following translation (Dunlap 1999;
Hurley, Loros, and Dunlap 2016).
Progress in model fungus, Neurospora crassa, has helped elucidate the structure and function
of circadian systems (Baker, Loros, and Dunlap 2012). Light is a primary input for the circadian
clock of N. crassa. WHITE COLLAR-1 (WC-1) functions as the principal photoreceptor of N.
crassa and a central transcriptional regulator of light and circadian processes (Cheng et al. 2003;
Dasgupta et al. 2016; Froehlich et al. 2002). WHITE COLLAR-2 (WC-2) is also required for
light and circadian biology. Light-activated WC-1 interacts directly with WC-2 to form the
White Collar Complex (WCC) (Baker, Loros, and Dunlap 2012; Belden, Loros, and Dunlap
2007; Linden and Macino 1997). The WCC serves as the positive arm of the central circadian
oscillator of N. crassa. In this role, the WCC opens a TTFL through transcriptional activation of
frequency (frq) (Froehlich et al. 2002; Froehlich, Loros, and Dunlap 2003). Following translation
of frq, FRQ associates with FRQ-interacting RNA helicase (FRH) to form the FRQ-FRH
Complex (FCC). The FCC serves as the negative arm of the central oscillator by inhibiting WCC
activity, which represses frq expression and closes the TTFL (Hurley, Loros, and Dunlap 2016).
Despite decades of fundamental work on circadian biology of N. crassa, very little is known
regarding circadian regulation in pathogenic fungi (Hevia, Canessa, and Larrondo 2016).
Although plant defense is partially under circadian regulation (Wang et al. 2011; Zhang et al.
2013), the contribution of circadian regulation in pathogenesis is largely unknown. The outcome
of the interaction between the necrotrophic fungus, Botrytis cinerea, and the model plant,
Arabidopsis thaliana, is dependent on the time of day the interaction occurs (Hevia et al. 2015;
Ingle et al. 2015). Botrytis cinerea has a circadian clock similar in structure and function to that
found in N. crassa, i.e., orthologs of WC-1 and FRQ drive opposite arms of a central oscillator
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(Canessa et al. 2013; Hevia et al. 2015). Interestingly, a circadian clock in both Arabidopsis and
Botrytis influence the outcome of the time-of-day-dependent interaction between the host and the
pathogen (Hevia et al. 2015; Ingle et al. 2015). However, it remains unclear if the circadian clock
in either the host or the pathogen defines the outcome of their interaction.
Dothideomycetes is a large and diverse class in the Ascomycota rich in genera of major plant
pathogenic fungi, including Cercospora (Ohm et al. 2012; Schoch, Crous, et al. 2009). The
Cercospora genus is comprised of over 3000 named species that cause disease in a diverse range
of plants including many important crops (Chupp 1954; Groenewald et al. 2013). Gray leaf spot
is a globally important foliar disease of maize that can be particularly devastating in developing
regions of world (Kim et al. 2011a; Ward et al. 1999). The disease is caused by two closely
related species of Cercospora, C. zeae-maydis and C. zeina (Crous et al. 2006; Wang, Levy, and
Dunkle 1998). Gray leaf spot symptoms are first apparent as small tan spots on maize leaves that
darken and expand to characteristic gray rectangular lesions as disease progresses (Latterell and
Rossi 1983; Ward et al. 1999). Under heavy disease pressure, individual lesions may coalesce
leading to leaf blight (Latterell and Rossi 1983; Ward et al. 1999). This reduction in the
photosynthetic capacity of the plant can result in yield losses of 65% or more (Ward et al. 1999).
Despite the importance of gray leaf spot in global maize production, the fundamental biology
underlying how C. zeae-maydis and C. zeina cause disease is poorly understood.
Gray leaf spot pathogens as well as other Cercospora species exploit natural openings in the
plant epidermis, known as stomata, to initiate infection (Abdou, Gregory, and Cooper 1974;
Beckman and Payne 1982; Carisse and Kushalappa 1992; Rathaiah 1977; Souza et al. 2011). As
such, the ability of these Cercospora species to locate stomata is essential for pathogenesis.
Following spore germination on the leaf surface, C. zeae-maydis perceives stomata and modifies
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hyphal growth accordingly. This is thought to occur by means of a tropic response to a cue or
cues associated with open stomata. Once the pathogen reaches a stoma, it differentiates into a
lobate infection structure, known as an appressorium. The appressorium then forms a penetration
peg that enters the stomatal pore to gain access to the substomatal cavity (Beckman and Payne
1982; Kim et al. 2011a). This process is collectively termed pre-penetration infectious
development (Kim et al. 2011a, 2011b).
Light is an essential environmental signal tied to development, secondary metabolism, and
pathogenesis for C. zeae-maydis (Bluhm, Dhillon, et al. 2008; Bluhm and Dunkle 2008; Kim et
al. 2011a; Shim and Dunkle 2002). In the absences of light on the leaf surface, C. zeae-maydis
lacks stomatal tropism and produces very few appressoria when stomata are randomly
encountered (Kim et al. 2011b). The ortholog of the conserved fungal light receptor and
transcriptional regulator, WC-1, has been designated Crp1 in C. zeae-maydis (Kim et al. 2011b).
Disruption of Crp1 results in a similar “blind” phenotype observed in darkness and impaired prepenetration infectious development (Kim et al. 2011b). Based on the role of WC-1 in the
circadian clock of N. crassa, the Bluhm lab has recently discovered that Frq1 of C. zeae-maydis,
the ortholog of the circadian pacemaker FRQ of N. crassa, has a role in stomatal tropism and
appressorium formation (Hirsch 2014). Together, this suggests that the signal underlying
stomatal tropism and/or appressorium formation may be available in a time-of-day-dependent
manner and that C. zeae-maydis may utilize a Crp1- and Frq1-dependent circadian clock to
synchronize pre-penetration infectious development with diurnal changes in host physiology.
Thus, C. zeae-maydis provides a unique system to further elucidate circadian clock function in
plant pathogenic fungi.
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2.3. Materials and Methods
2.3.1. Strains and culture conditions
Strains used in this study are listed in Table 2.1. The C. zeae-maydis strain SCOH1-5 (Shim and
Dunkle, 2002; Kim et al., 2011) served as the wild type and parental strain in this study. All
strains generated in this study were subjected to two rounds of single-spore isolation. Strains
were stored as colonized agar or conidia suspension in 30% (v/v) glycerol at –80 °C. Working
cultures were maintained on V8 agar medium (Leslie and Summerell, 2006) in the dark at room
temperature and transferred every 4 d to maintain a reproductive state. Conidia were harvested
from 4-day-old cultures in 10 ml of sterile distilled water with the aid of a cell spreader. Conidia
suspensions were filtered through two layers of sterile cheesecloth and quantified using a
hemacytometer. To induce cercosporin production, strains were cultured on 0.2× potato dextrose
agar gelzan (PDAG) medium (7.8 g Difco potato dextrose agar [BD Diagnostic Systems, Sparks,
MD, USA], 6 g Gelzan CM [Sigma-Aldrich, Saint Louis, MO, USA], and 0.75 g magnesium
chloride hexahydrate [Research Products International Corp., Mt. Prospect, IL, USA] per l).
To assess light or circadian regulation of gene expression, 100 μl of a conidia suspension (5
× 105 conidia per ml) was spread onto V8 agar medium or 0.2× PDAG medium overlaid with
cellophane (Research Products International Corp.) discs in 10 cm Petri dishes. To assess light
regulation, cultures were incubated in constant darkness (DD) at 25 °C then exposed to a 30 min
light pulse (white or red) or maintain in DD. To assess circadian regulation, cultures were
incubated in 12 h:12 h light:dark (LD) at 25 °C. After 48 h, cultures were shifted to DD and
collected every 4 h. Colonized cellophane was collected under low red light and immediately
frozen under liquid nitrogen until further processing. Preliminary experiments indicated that low
red light does not impact expression of FRQ1 (data not shown) as previously reported in other
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fungi (Kasbekar and McCluskey 2013; Nowrousian and Kück 2006; Traeger and Nowrousian
2015). A minimum of three biological replicates was assessed per strain. Experiments were
repeated twice with similar results.

2.3.2. Bioinfomatics and phylogenetic reconstruction
Sequence data was obtained through the Joint Genome Institute and the National Center for
Biotechnology Information (https://jgi.doe.gov and https://www.ncbi.nlm.nih.gov, respectively).
Accession numbers for protein sequences used in this study are listed in Table 2.2. Putative
orthologs were identified using reciprocal protein–protein BLAST (blastp) analyses (Altschul et
al. 1997). Predicted functional domains were identified using Simple Modular Architecture
Research Tool (Version 8.0) (Letunic and Bork 2018) or global sequence alignment with
functionally characterized proteins. EMBOSS Needle was used for global sequence alignment
(https://www.ebi.ac.uk/Tools/psa/emboss_needle/). Disordered protein regions were predicted
using IUPred and DISOPRED (Version 2A and Version 3, respectively) (Jones and Cozzetto
2015; Mészáros, Erdős, and Dosztányi 2018). DISOPRED was accessed via PSIPRED Protein
Analysis Workbench (Buchan et al. 2013). For phylogenetic reconstruction, sequences were
aligned using Muscle (Version 3.8.31) (Edgar 2004). Ambiguously aligned regions were
removed using Gblocks (Version 0.91b) (Castresana 2000; Talavera and Castresana 2007).
Neighbor-joining algorithms were implemented in SeaView (Version 4.4.2) (Gouy, Guindon,
and Gascuel 2010) and maximum likelihood algorithms were implemented in PhyML (Version
3.0) (Guindon et al. 2010).
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2.3.3. Nucleic acid manipulations
Plasmid DNA was isolated using a Zyppy Plasmid Miniprep Kit (Zymo Research Corporation,
Irvine, CA, USA) or by alkaline lysis (Sambrook and Russell 2001). Fungal genomic DNA was
isolated from fungal cultures grown in YEPD liquid medium (Flaherty et al. 2003) using a
modified cetyltrimethylammonium bromide (CTAB) method (Kerényi et al. 1999; Leslie and
Summerell 2006). Mini-preparation of fungal genomic DNA for PCR analyses was prepared as
described (Liu, Yeh, and Shen 2011) with minor modifications. Briefly, fungal tissue was
collected from a 5 mm × 10 mm area of cultures grown on V8 agar medium for 4 d in the dark at
room temperature using a flattened needle (18 g). The fungal tissue was transferred to 100 μl of
extraction buffer (Liu, Yeh, and Shen 2011) in 0.2 ml tubes. Samples were homogenized briefly
using a vortex and microwaved for 30 s. Samples were then heated for 15 min at 95 °C in a
thermal cycler and placed on ice for 1 min. Samples were once again homogenized briefly using
a vortex, and 3 μl of supernatant was used as template DNA for PCR. PCR was performed using
5× BRPCR buffer (0.3 M Tris base, 0.1 M (NH4)2SO4, 0.01 M MgSO4, 15% [v/v] glycerol,
0.12% [w/v] Orange G, and adjusted to pH 9 using sulphuric acid), which was adapted from
NEB Crimson Long PCR buffer (New England Biolabs, Ipswich, MA, USA). Southern blot
analyses were performed as described (Sambrook and Russell 2001). Primers were acquired
from Integrated DNA Technologies (Coralville, IA, USA) (Table 2.3).

2.3.4. Genetic manipulations
A split-marker approach was used to replace CRP1, CRP2, or FRQ1 with a hygromycin
resistance cassette (Catlett et al. 2003; Yu et al. 2004). Deletion constructs were generated as
previously described (Ridenour and Bluhm 2014).
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For targeted deletion of CRP1, a region upstream of the CRP1 open reading frame (ORF)
(CRP1 5' flank) and a region downstream of the CRP1 ORF (CRP1 3' flank) were amplified
from C. zeae-maydis genomic DNA (strain SCOH1-5) using primer pairs
CZM110684_F1/CZM110684_F2 and CZM110684_F3/CZM110684_F4, respectively.
Overlapping marker fragments, HY and YG, were amplified from a hygromycin resistance
cassette derived from pCB1003 (Carroll, Sweigard, and Valent 1994) using primer pairs
M13F/HY and YG/M13R, respectively. The CRP1 5' flank and the HY marker fragment were
joined and amplified by fusion PCR (Yu et al. 2004) using nested primer pair
CZM110684_F1N/HYN. Similarly, the CRP1 3' flank and the YG marker fragment were joined
and amplified using nested primer pair YGN/CZM110684_F4N. Generation and transformation
of fungal protoplasts were preformed as previously described (Shim and Dunkle 2003).
Transformants resistant to hygromycin (100 µg/ml) (Research Products International Corp.) were
screened for integration of the deletion construct as previously described (Ridenour, Hirsch, and
Bluhm 2012). For genetic complementation of CRP1 deletion, the CRP1 ORF plus 2,156 bp
upstream of the predicted start codon was amplified using primer pair RB301_F/RB301_R. A
HAT-FLAG tandem affinity purification tag was amplified from pCCG::C-Gly::HAT::FLAG
(Honda and Selker 2009) using primer pair RB300_F/RB300_R. The PCR products was joined
and cloned into the EcoRV restriction enzyme site of pKS-GEN (Bluhm, Kim, et al. 2008) using
Gibson assembly (Gibson et al. 2009) to generate pBR300. pBR300 was transformed into strain
Δcrp1-14. Transformants resistant to G-418 (150 µg/ml) (Research Products International Corp.)
were screened by PCR for integration of the CRP1 complementation cassette using primer pair
CZM110684_PF/CZM110684_PR and phenotypically for recapitulation of the wild-type
phenotype.
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For targeted deletion of CRP2, a region upstream of the CRP2 open reading frame (ORF)
(CRP2 5' flank) and a region downstream of the CRP2 ORF (CRP2 3' flank) were amplified as
described above using primer pairs CZM109539_F1/CZM109539_F2 and
CZM109539_F3/CZM109539_F4, respectively. Marker fragments, HY and YG, were amplified
and joined to the genomic fragments CRP2 5' flank and CRP2 3' flank as described above using
primer pairs CZM109539_F1N/HYN and YGN/CZM109539_F4N, respectively. Transformants
were generated and screened as described above. For genetic complementation of CRP2, the
CRP2 ORF plus 2000 bp upstream of the predicted start codon and 1500 bp downstream of the
predicted stop codon was amplified using primer pair CZM109539_C1/CZM109539_C2. The
PCR product was cloned into the EcoRV restriction enzyme site of pKS-GEN using Gibson
assembly to generate pBR321. pBR321 was transformed into strain Δcrp2-21. G-418-resistant
transformants were screened by PCR for integration of the CRP2 complementation cassette using
primer pair CZM109539_PF/CZM109539_PR and phenotypically for recapitulation of the wildtype phenotype.
Targeted deletion of FRQ1 was described previously (Hirsch 2014). Briefly, a region
upstream of the FRQ1 ORF (FRQ1 5' flank) and a region downstream of the FRQ1 ORF (FRQ1
3' flank) were amplified as described above using primer pairs CZM111252_F1/CZM111252_F2
and CZM111252_F3/CZM111252_F4, respectively. Marker fragments, HY and YG, were
amplified and joined to the genomic fragments FRQ1 5' flank and FRQ1 3' flank as described
above using primer pairs CZM111252_F1N/HYN YGN/CZM111252_F4N, respectively.
Transformants were generated and screened as described above.
To generate the wild-type reporter strain, pBR0073 (Ridenour et al. 2014) was transformed
into strain SCOH1-5 via protoplast-mediated transformation (Shim and Dunkle 2003).
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Transformants resistant to G-418 (200 µg/ml) (Research Products International Corp.) were
screened for fluorescence. Reporter strains in Δcrp1, Δcrp2, and Δfrq1 genetic backgrounds were
generated via Agrobacterium tumefaciens-mediated transformation as previously described (Li et
al. 2013; Swart et al. 2017). Transformations were performed using A. tumefaciens strain AGL-1
(Lazo, Stein, and Ludwig 1991) harboring the binary vector pBYR48. To generate pBYR48, a
1.4 kb G-418 resistance cassette was amplified from pKS-GEN, using primer pair
GEN_F_Spel/GEN_R_Hpal. The PCR product was cloned into the SpeI and HpaI restriction
enzyme sites of pBYR14 (Swart et al. 2017) using standard methods (Sambrook and Russell
2001).

2.3.5. Conidia production
To assess conidia production, 100 μl of a conidia suspension (5 × 105 conidia per ml) was spread
onto V8 agar medium in 6 cm Petri dishes. Cultures were incubated in constant light (LL), LD,
or DD at 25 °C. After 4 d, conidia were harvested in 2 ml of sterile distilled water with the aid of
a cell spreader and quantified using a hemacytometer. Three or four biological replicates were
assessed per strain per treatment. The mean of two measurements for each biological replicate
was determined. Results are presented as the mean number of conidia produced per area (cm2)
across biological replicates plus or minus the standard deviation of the mean. Experiments were
repeated twice with similar results.

2.3.6. Germination and in vitro appressorium formation
Germination and in vitro appressorium formation were assessed as described (Thorson and
Martinson 1993) with modifications. Squares (1.5 cm × 1.5 cm) were cut from Westran S
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polyvinylidine fluoride membrane (pore size = 0.2 μm; GE Healthcare Life Sciences, Pittsburgh,
PA, USA). Membranes were placed on two sterile filter paper discs (diameter = 9 cm) wetted
with 3 ml of sterile distilled water in a 10-cm glass Petri dish. Two hundred and fifty μl of a
conidia suspension (3 × 103 conidia per ml) was inoculated onto each membrane. Petri dishes
were sealed with parafilm and incubated at 25 °C in constant darkness.
To assess germination, membranes were removed after 6 h and excess water was removed.
Membranes were floated on an aniline blue solution (0.325 g aniline blue, 50 ml lactic acid, and
100 ml sterile distilled water) for 2 min to stain conidia. Membranes were destained in sterile
distilled water for 2 min, mounted in mounting solution (20 mM Tris, pH 8.0, 0.5% N-propyl
gallate [w/v], and 50% glycerol [v/v]) and examined under a microscope. Twenty random,
independent conidia from each of three or four biological replicates were qualitatively assessed
for germination, and the percentage of germinated conidia was determined. Results are presented
as the mean percentage of germinated conidia across the three or four biological replicates plus
or minus the standard deviation of the mean. Experiments were repeated with similar results.
To assess in vitro appressorium formation, membranes were removed after 6 h and excess
water was removed and air-dried in a laminar-flow hood for 30 min. Membranes were then
transferred to a plastic support in a 10-cm glass Petri dish containing 20 ml of 8.11% glycerol
(v/v) to maintain an approximate relative humidity of 98%. Petri dishes were sealed with
parafilm and incubated in LL, LD, or DD at 25 °C. After 84 h, germlings were stained as
described above for assessing germination and examined under a microscope. Twenty random,
isolated germlings from each of three or four biological replicates were assessed qualitatively for
formation of in vitro appressoria and quantitatively for the number of in vitro appressoria
formed. The percentage of germlings forming in vitro appressoria was determined for each
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biological replicate. Results are presented as the mean percentage of germinated conidia across
the biological replicates plus or minus the standard deviation of the mean or as the mean number
of in vitro appressoria formed per germling plus or minus the standard deviation of the mean.
Experiments were repeated with similar results.

2.3.7. Pathogenicity
Foliar infection and disease progression were evaluated as described (Bluhm and Dunkle 2008)
with minor modifications. Maize variety silver queen (Urban Farmer, Westfield, IN, USA) was
grown two plants per pot (10 cm × 10 cm) in Sunshine Mix #1 (Sun Gro Horticulture, Agawam,
MA, USA) in a growth chamber (Controlled Environments Ltd., Winnipeg, Canada) under under
LD (12 h:12 h light:dark) at 24 °C. Four weeks after planting, sections (10-15 cm long) of the
two youngest, fully expanded leaves per plant were marked and inoculated by spraying a conidia
suspension (4 × 105 conidia per ml 0.01% tween-20 [v/v]) or mock treatment (0.01% tween-20
[v/v]) using an airbrush (Model H, Paasche Air Brush, Kenosha, WI, USA) operated at a
pressure of 138 kPa. Plants were air dried for 30-60 min and covered with transparent plastic to
maintain high relative humidity (> 90%) without impeding light transmission. Plants were
maintained in a growth chamber under LD at 24 °C, and plastic was removed after 4 d. To assess
pre-penetration infectious development, leaf samples were collected 4 days after inoculation
(dai). When GFP-labeled reporter strains were used, samples were affixed to a microscope slide
using double-sided tape, mounted in mounting solution (as described above, expect 50% glycerol
[v/v] was replaced with 90% glycerol [v/v]), and examined under an epifluorescence microscope
or a confocal microscope. Otherwise, samples were stained using an aniline blue solution as
described above, affixed to a microscope slide using double-sided tape, mounted in mounting
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solution, and examined under a light microscope. To assess foliar infection and disease
progression, plants were qualitatively assessed at 7, 14, 21 dai.

2.3.8. Reverse Transcriptase-quantitative PCR (RT-qPCR) analysis of gene expression
Samples (colonized cellophane) used for RT-qPCR analysis were collected as described above
and ground under liquid nitrogen. Total RNA was isolated using Ribozol reagent (Amresco,
Solon, OH, USA) following the manufacturer’s recommendations. One μg total RNA was treated
with DNase I (Promega Corp., Madison, WI, USA) following the manufacturer’s
recommendations. First-strand cDNA synthesis was performed using Oligo (dT)15 (Integrated
DNA Technologies) and M-MuLV Reverse Transcriptase (Lucigen Corp., Middleton, WI, USA)
following the manufacturer’s recommendations. RT-qPCR was performed as described
(Ridenour and Bluhm 2014) in a StepOnePlus Real-Time PCR System (Applied Biosystems,
Grand Island, NY, USA) using previously described cycling conditions (Bluhm, Kim, et al.
2008). Three technical replicates were analyzed per biological replicate. Experiments were
repeated with similar results.

2.3.9. Cercosporin accumulation
Cercosporin accumulation was determined as previously described by (Jenns and Daub 1995)
with minor modifications. Briefly, 200 μl of a conidia suspension (4 × 105 conidia per ml) was
spread onto 0.2× PDAG medium in 10 cm Petri dishes. Cultures were incubated in LL, LD, or
DD at 25 °C. Cercosporin accumulation was visually assessed 3-12 dai. A minimum of three
biological replicates was assessed per strain per treatment. Representative images are shown.
Experiments were repeated with similar results.
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2.3.10. Cercosporin resistance
To assay cercosporin resistance, 20 μl of a conidia suspension (5 × 105, 5 × 104, 5 × 103, or 5 ×
102 conidia per ml) were spotted onto 0.2× PDAG medium supplemented with 10 mM
ammonium nitrate and cercosporin (Sigma-Aldrich) in methanol or an equal volume of methanol
in 10 cm Petri dishes. Cultures were incubated in LL or LD at 25 °C. After 72 h, cultures were
photographed and qualitatively assessed for differences in growth. Resistance to cercosporin was
additionally assayed using ion leakage as an indicator of cell membrane damage in response to
cercosporin as previously described (Batchvarova, Reddy, and Bennett 1992) with modifications.
Briefly, 500 μl of a conidia suspension (5 × 105 conidia per ml) was inoculated into 1 ml potato
dextrose broth (PDB) (HiMedia Laboratories, West Chester, PA, USA) and 3.5 ml sterile
distilled water resulting in 5 ml 0.2× PDB containing 2.5 × 105 conidia in 6 cm Petri dishes.
Cultures were incubated in LD at 25 °C for 72 h then shifted to DD at 25 °C. After 12 h or 24 h
under free-running conditions (12 h DD or 24 h DD, respectively), fungal issue was collected
under low red light by centrifugation at 6000 g for 5 min and washed twice with sterile distilled
water. Fungal tissue was weighed (mg) and resuspended in 2.5 ml sterile distilled water. The
conductance (μS/cm) of the tissue suspension was determined at 22 °C using a conductivity
meter fitted with an immersion probe (VWR International, Radnor, PA, USA). The tissue
suspension was supplemented with cercosporin (50 mM) or an equal volume of methanol and
shifted to LL at 25 °C to activate cercosporin toxicity (i.e., the production of reactive oxygen
species). The conductance of the tissue suspension was measured 1 h, 2 h, and 3 h after the
addition of cercosporin or solvent control. Conductance relative to wet weight was calculated,
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and ion leakage was estimated by determining change in relative conductance over time. Three
biological replicates were assessed per strain.

2.3.11. Statistical analyses
Statistical differences were calculated using the JMP software package (Version Pro 11.0.0)
(SAS Institute, Inc., Cary, NC, USA). Statistical differences between two independent groups
were determined using Student’s t-test. Statistical differences between three or more independent
groups were determined using one-way ANOVA followed by Tukey's honestly significant
difference (HSD) post hoc test. Asterisks (* or **) indicate statistically significant differences (p
< 0.05 or p <0.01, respectively) determined by Student’s t-test. Results determined using oneway ANOVA are presented as p-values where relevant. Different letters indicate statistically
significant differences (p < 0.05) determined by Tukey’s HSD test.

2.4. Results And Discussion
2.4.1. The White Collar Complex components, Crp1 and Crp2, regulate asexual
development and foliar infection in C. zeae-maydis
Cercospora zeae-maydis survives intercrop periods in infested maize residue (Ward et al. 1999).
Conidia (asexual spores) produced on infested residue are responsible for initial infection (Ward
et al. 1999). Light and the photoreceptor/transcriptional regulator, Crp1, are key regulators of
conidiation in C. zeae-maydis, as light represses conidiation via a Crp1-mediated mechanism
(Kim et al. 2011a). Previous work characterizing Crp1 was based on disruption of CRP1 (Kim et
al. 2011b). Here, we generated full-length CRP1 deletion strains to validate observations based
on CRP1 disruption and for further characterization of Crp1 (Figure 2.1A-B). In N. crassa, the
Crp1 ortholog WHITE COLLAR-1 (WC-1) directly interacts with WHITE COLLAR-2 (WC-2)
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to form the White Collar Complex (WCC) (Baker, Loros, and Dunlap 2012). We identified a
gene, designated CRP2 (C. zeae-maydis protein ID 109539), which putatively encodes an
ortholog of WC-2 (designated Crp2). Global alignment of WC-2 and Crp2 demonstrated the two
proteins have 42.7% sequence identity and 52.5% sequence similarity. CRP2 deletion strains
were generated to facilitate functional characterization of Crp2 (data not shown).
To determine if full-length deletion of CRP1 or CRP2 impacts the early stages of the C. zeaemaydis disease cycle (i.e., conidia production and germination), the wild type, two CRP1
deletion strains, a CRP1 complementation strain, and two CRP2 deletion strains were assessed
for conidia production and germination. Under permissive conditions (i.e., V8 agar medium in
constant darkness at 25 °C), the wild type produced conidia in abundance at 96 h (Figure 2.2A,
D). The CRP1 deletion strains produced conidia under permissive conditions as previously
reported for CRP1 disruption (Kim et al. 2011b), although the number of conidia produced by
the CRP1 deletion strains were reduced compared to wild type (Figure 2.2A). Complementation
of a CRP1 deletion strain with the wild-type CRP1 allele restored wild-type levels of conidiation
under permissive conditions (Figure 2.2A). Similar to what was observed for the CRP1 deletion
strains, the CRP2 deletion strains produced conidia but produced fewer conidia than the wild
type under permissive conditions (Figure 2.2D). Under repressive conditions (i.e., V8 agar
medium in 12 h:12 h light:dark or constant light at 25 °C) the wild type produces a relatively
small number of conidia at 96 h (Figure 2.2B-C, E-F). The CRP1 deletion strains produced
conidia in abundance in 12 h:12 h light:dark (Figure 2.2B). In addition, the CRP1 deletion strains
produced conidia in abundance in constant light (Figure 2.2C), which is consistent with previous
observations following CRP1 disruption (Kim et al. 2011b). Interestingly, the CRP1 deletion
strains produced approximately ten-fold more conidia under repressive conditions than
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permissive conditions (Figure 2.2A-C). Complementation of a CRP1 deletion strain with the
wild-type CRP1 allele restored repression of conidia production under repressive conditions
(Figure 2.2B-C). Similar to what was observed for the CRP1 deletion strains, the CRP2 deletion
strains produced conidia in abundance under repressive conditions (Figure 2.2E-F). When
compared to permissive conditions, the CRP2 deletion strains also produced approximately tenfold more conidia under repressive conditions (Figure 2.2D-F). Deletion of CRP1 or CRP2 did
not impact conidial germination under permissive conditions (i.e., constant darkness at 25 °C)
(Figure 2.2G-H). The impact of deletion of CRP1 or CRP2 on germination under repressive
conditions was not assessed in this study but will be examined in detail in future studies. In
addition to conidia production, light represses conidial germination and subsequent germtube
elongation in C. zeae-maydis (Beckman and Payne 1983), and accurate regulation of conidiation
and germination likely serves to guard the fungus from environmental damage during growth on
the host surface. This data demonstrates that deletion of CRP1 or CRP2 similarly impact
conidiation and conidial germination and suggests that Crp1 and Crp2 comprise a WCC in C.
zeae-maydis that is involved in the regulation of conidiation and potentially other lightdependent processes.
Cercospora zeae-maydis infection begins after hyphae emerging from conidia on the leaf
surface locate stomata and form appressoria (Beckman and Payne 1982; Kim et al. 2011a). The
pathogen undergoes a latent period characterized by asymptomatic colonization after the
formation of a penetration peg and entry through the stomatal pore (Beckman and Payne 1982;
Kim et al. 2011a). Following the latent period, C. zeae-maydis switches to a necrotrophic phase
characterized by lesion development (Kim et al. 2011a). Previous work demonstrated that Crp1
is important for foliar infection and required for lesion development (Kim et al. 2011b). To
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determine if full-length deletion of CRP1 or CRP2 impacts foliar infection and lesion
development, the wild type, two CRP1 deletion strains, a CRP1 complementation strain, and two
CRP2 deletion strains were inoculated on 4-week-old maize and assessed qualitatively for
disease progression (Figure 2.3). Lesions became apparent on plants inoculated with the wild
type 5 to 7 days after inoculation (dai) (data not shown) and mature lesions developed by 14 dai
(Figure 2.3A-B). Lesions were not observed on plants inoculated with the CRP1 deletion strains
14 dai (Figure 2.3A) or up to 21 dai (data not shown), which is consistent with previous
observations for CRP1 disruption (Kim et al. 2011b). Complementation of a CRP1 deletion
strain with the wild-type CRP1 allele restored foliar infection and lesion development (Figure
2.14B). Similar to what was observed for plants inoculated with the CRP1 deletion strains,
lesions were not observed on plants inoculated with the CRP2 deletion strains 14 dai (Figure 3B)
or up to 21 dai (data not shown). This data demonstrates that deletion of CRP1 or CRP2 similarly
impact foliar infection and lesion development and further suggests that Crp1 and Crp2 function
in a WCC. Furthermore, this provides additional evidence that light is a central environmental
signal underlying pathogenesis in C. zeae-maydis.

2.4.2. Pre-penetration infectious development requires Crp1 and Crp2
Cercospora zeae-maydis employs a complex infection strategy that exploits stomata to enter the
host (Kim et al. 2011a). During pre-penetration infectious development, C. zeae-maydis
undergoes a defined developmental process that includes spore germination, perception of
stomata, reorientation of hyphal growth toward stomata, and the formation of appressoria over
stomata (Kim et al. 2011a, 2011b) (Figure 2.4). Figure 2.4 illustrates representative interactions
between C. zeae-maydis and stomata on the host surface, including hyphal reorientation and
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appressorium formation. Cercospora zeae-maydis is thought to locate stomata by means of a
tropic response to a cue or cues associated with open stomata (Beckman and Payne 1982; Hirsch
2014; Kim et al. 2011a). To further dissect the role of Crp1 and Crp2 in pathogenesis, we
generated strains constitutively expressing green fluorescent protein (GFP) in the wild type, a
CRP1 deletion strain, and a CRP2 deletion strain. The wild type, a CRP1 deletion strain, and a
CRP2 deletion strain expressing GFP were inoculated on 4-week-old maize and assessed for prepenetration infectious development 4 dai (Figure 2.5). The percentage of germlings of the CRP1
deletion strain encountering stomata was similar number the percentage of wild-type germlings
encountering stomata (Figure 2.5A). The number of stomata encountered by individual
germlings of the CRP1 deletion strain was slightly higher than the number encountered by wildtype germlings but the difference was not significant (Figure 2.5B). The number of appressoria
produced by germlings of the CRP1 deletion strain was significantly less than the number
produced by wild-type germlings (Figure 2.5C). The percentage of germtubes forming
appressoria when stomata were encountered was significantly reduced in the CRP1 deletion
strain compared to wild type (Figure 2.5D), which is consistent with previous observations for
CRP1 disruption (Kim et al. 2011b). Similarly, the percentage of germtubes forming appressoria
when stomata were encountered was significantly reduced in the CRP2 deletion strain compared
to wild type (Figure 2.5E). The percentages of germtubes forming appressoria when stomata
were encountered were similar between the CRP1 and CRP2 deletion strains (Figure 2.5D-E).
Despite significant differences in the numbers of appressoria formed, appressoria produced by
CRP1 or CRP2 deletion strains were morphologically similar to appressoria produced by the
wild type (data not shown). These results demonstrate that deletion of CRP1 or CRP2 similarly
impact pre-penetration infectious development, at least partially through defects in appressoria
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formation when stomata are encountered. This indicates that the observed impact of CRP1 or
CRP2 deletion on foliar infection and lesion development is caused, in part, by defects in prepenetration infectious development. However, it is not yet clear the extent to which deletion of
CRP1 or CRP2 impacts stomatal tropism and/or the perception of signals associated with
stomata. Furthermore, approximately twenty percent of stomata encountered by CRP1 and CRP2
deletion strains resulted in appressoria formation, but it is not yet clear whether these appressoria
are impaired in the in host entry (e.g., through defects in the formation of a penetration peg) or
following host entry (e.g., through defects in differentiation or response to mechanisms of host
defense). Future work will be required to answer these questions.

2.4.3. The formation of appressoria in vitro is partially dependent on light and the White
Collar Complex
Due to intricate environmental requirements, unraveling specific aspects of pre-penetration
infectious development on the leaf surface is a currently challenging for C. zeae-maydis. Our
current understanding of how C. zeae-maydis infects its host suggests that appressorium
formation is an indispensible step in the process. Thus, to start dissecting specific aspects of prepenetration infectious development, we developed a robust method for inducing appressorium
formation in vitro based on work by (Thorson and Martinson 1993). Appressoria formed in vitro
(Figures 2.4, 2.6A) appeared morphologically similar to appressoria formed in planta. It is well
established that extended periods of high relative humidity (RH) are important for foliar
infection and lesion development by C. zeae-maydis (Beckman and Payne 1983; Rupe, Siegel,
and Hartman 1982). Previous work has demonstrated RH is a critical environmental factor
underlying the appressorium formation (Thorson and Martinson 1993). Thorson and Martinson
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(1993) reported that 95% RH was sufficient to induce appressorium formation in vitro but <
90% RH inhibited growth, but did not report on the role of light in appressorium formation in
vitro or report specific light conditions used in their study. To determine how light and deletion
of CRP1 or CRP2 impact in vitro appressorium formation, the wild type, two CRP1 deletion
strains, a CRP1 complementation strain, and two CRP2 deletion strains were assessed for in vitro
appressorium formation (Figure 2.6). The percentage of wild-type germlings forming in vitro
appressoria in constant light was significantly less than the percentage of germlings forming in
vitro appressoria in constant darkness or 12 h:12 h light:dark (Figure 2.6B). Interestingly, the
difference in the percentage of germlings forming in vitro appressoria was not observed for the
CRP1 or CRP2 deletion strains (Figure 2.6C-D). When compared across all tested strains, CRP1
or CRP2 deletion did not have a significant impact on the formation of in vitro appressoria under
constant darkness or constant light (Figure 2.6E, G). However, deletion of CRP2 but not CRP1
resulted in a significant reduction in the formation of in vitro appressoria under 12 h:12 h
light:dark conditions (Figure 2.6F), conditions favorable for the formation of in vitro appressoria
by the wild type (Figure 2.6B, F). These results demonstrate that light plays a small but
significant role in the formation of appressoria by C. zeae-maydis and that Crp1 and Crp2
quantifiable differences in the process. Future work will seek to elucidate the mechanisms
underlying appressoria formation and the potential differences in how Crp1 and Crp2 regulate
the process using the methods developed in this study
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2.4.4. The C. zeae-maydis genome encodes an ortholog of the circadian clock component,
FREQUENCY
The absence of light or loss of Crp1 or Crp2 impairs foliar infection and lesion formation and
aspects of pre-penetration infectious development, which together suggesting that light
coordinates pathogenesis through the WCC. However, the genetic network regulated by the
WCC in C. zeae-maydis is not known. As a central component of the positive arm of the
circadian clock, the WCC of N. crassa transcriptionally regulates the negative arm component,
frequency (frq) (Baker, Loros, and Dunlap 2012). To begin identifying regulatory targets of the
WCC in C. zeae-maydis, FREQUENCY (FRQ) of N. crassa (Table 2.2) was used to search the
C. zeae-maydis genome (strain SCOH1-5; available through the Joint Genome Institute;
http://genome.jgi.doe.gov) (Bluhm, unpublished data) for candidate orthologs. Reciprocal blastp
revealed a single candidate ortholog in C. zeae-maydis (protein ID 111252; designated here as
CZM_111252) (Table 2.2). CZM_111252 is encoded on the minus strand of scaffold_9 (base
positions 743776-746884). Notably, the predicted CZM_111252 transcript contains an intron.
FRQ of N. crassa is known to have a large and small isoform due to alternative splicing
(dependent on light and temperature) of an intron containing the start codon of the large isoform
(Diernfellner et al. 2007). frq or genes encoding putative FRQ orthologs are not known to
contain an intron near the stop codon.
To assess the quality of the predicted CZM_111252 transcript, RNA-seq reads from two
unpublished data sets (Bluhm, unpublished data) were mapped to the C. zeae-maydis genome
using GSNAP (Version 2017-04-24) (Wu and Nacu 2010). Mapped reads were indexed using
SAMtools (Version 1.7) and visualized using IGV (Version 2.3.57) (Li et al. 2009;
Thorvaldsdóttir, Robinson, and Mesirov 2013). The RNA-seq data revealed no evidence
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supporting the presence of the predicted intron (Figure 2.7A). To correct the predicted transcript,
the predicted CZM_111252 ORF plus 500 bp upstream and 500 bp downstream were searched
for possible ORFs using NCBI ORFfinder (Wheeler et al. 2003). A total of 34 ORFs were
identified (Figure 2.7B). The longest predicted ORF, ORF33, spanned 2994 bp and uses the
same start codon as the CZM_111252 ORF. This evidence suggests that ORF33 encodes the
correct version of the CZM_111252 ORF (Figure 2.8A).
Conceptual translation of the corrected CZM_111252 ORF (Figure 2.8B) revealed a protein
of 997 amino acids that has a molecular weight of 108.00 kDa and an isoelectric point of 5.61.
Reciprocal blastp analyses identified other putative FRQ orthologs among fungi within the
Ascomycota and supported FRQ conservation in the subphylum Pezizomycotina (Table 2.2).
Phylogenetic reconstruction using putative FRQ orthologs produced a tree topography
corresponding closely to the branching order expected for the Ascomycota (Schoch, Sung, et al.
2009) (Figure 2.9A). Global alignment of FRQ and Frq1 demonstrated the two proteins have
28.5% sequence identity and 41.5% sequence similarity and share conserved domain architecture
(Figure 2.9B). Similar to what as been previously shown for FRQ (Hurley et al. 2013), in silico
analyses of FRQ and Frq1 revealed large regions of low structural complexity (Figure 2.9B),
which is characteristic of intrinsically disordered proteins. Based on these analyses, the updated
CZM_111252 ORF was designated FRQ1 and the encoding protein, Frq1, is predicted to be
orthologous to FRQ of N. crassa.

2.4.5. Cercospora zeae-maydis has a circadian clock that requires Crp1 and Frq1
Circadian systems are minimally comprised of three fundamental elements: (1) input, (2) central
oscillator, and (3) output (Baker, Loros, and Dunlap 2012; Dunlap and Loros 2017). Light is a
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primary circadian input for the model fungus N. crassa. WC-1 of N. crassa is the primary
photoreceptor that functions in the positive arm of the central oscillator by activating expression
of the negative arm component frq (Baker, Loros, and Dunlap 2012). Expression of frq shows
circadian rhythmicity, which provides a robust readout for clock activity in N. crassa and B.
cinerea (Baker, Loros, and Dunlap 2012; Canessa et al. 2013; Hevia et al. 2015). Based on the
regulatory role of light and the conservation of Crp1 and Frq1 in C. zeae-maydis, we hypothesize
that a similar environmental input module exists in C. zeae-maydis and that Crp1 and Frq1 drive
a circadian oscillator similar to that described in N. crassa and B. cinerea.
To determine if light regulates FRQ1 expression, the wild-type strain was grown on V8 agar
medium in constant darkness at 25 °C for 48 h then exposed to a 30 min pulse of white light or
red light or maintained in constant darkness for an additional 30 min. A nearly eight-fold
increase in FRQ1 expression was observed in the wild type following a 30 min pulse of white
light compared to constant darkness (Figure 2.10A). In contrast, FRQ1 expression in the wild
type did not change following a 30 min pulse of red light compared to constant darkness (data
not shown). To assess FRQ1 expression under free-running conditions, the wild type strain was
grown on V8 agar medium under 12 h:12 h light:dark at 25 °C for 48 h then shifted to freerunning conditions (i.e., constant darkness [DD] at 25 °C). Expression of FRQ1 was monitored
every four hours over the course of two circadian cycles (48 h). Under free-running conditions,
FRQ1 expression peaked after subjective dawn, i.e., 16 h DD and 40 h DD (Figure 2.10B).
To determine if Crp1 is involved in light-regulated FRQ1 expression, the wild type and two
CRP1 deletion strains were grown on V8 agar medium in constant darkness at 25 °C for 48 h
then exposed to a 30 min pulse of white light or maintained in constant darkness for an
additional 30 min. No significant difference in FRQ1 expression was observed between the
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CRP1 deletion strains and the wild type when strains were maintained in constant darkness
(Figure 2.10C). A nearly eight-fold increase in FRQ1 expression was observed in the wild type
following a 30 min pulse of white light compared to constant darkness (Figure 2.10D). In
contrast, no significant difference in FRQ1 expression was observed in the two CRP1 deletion
strains following a 30 min pulse of white light compared to constant darkness (Figure 8D).
Together, this data demonstrates that (1) white light but not red induces FRQ1 expression, (2)
FRQ1 expression shows circadian rhythmicity (approximating a 24 h period) in the absence of
environmental input (light), and (3) Crp1 is required for light-induced FRQ1 expression. These
results support the hypothesis that C. zeae-maydis has a circadian clock driven by a Crp1/Frq1
dependent oscillator similar to that of N. crassa and B. cinerea.

2.4.6. Frq1 has a minor role in asexual development
FRQ1 deletion strains were generated to facilitate functional characterization of Frq1 (Hirsch
2014) (Figure 2.11). To determine if deletion of FRQ1 impacts the early stages of the C. zeaemaydis disease cycle, the wild type and three FRQ1 deletion strains were assessed for conidia
production and germination (Figure 2.12). Under permissive conditions (i.e., V8 agar medium in
constant darkness at 25 °C), the wild type produced conidia in abundance at 96 h (Figure 2.12A).
The FRQ1 deletion strains produced conidia similarly to the wild type under permissive
conditions (Figure 2.12A). Under repressive conditions (i.e., V8 agar medium in 12 h:12 h
light:dark or constant light at 25 °C) the wild type produces a relatively small number of conidia
at 96 h (Figure 2.12B-C). The FRQ1 deletion strains produced conidia similarly to the wild type
under 12 h:12 h light:dark (Figure 2.12B). The FRQ1 deletion strains produced conidia under
constant light but significantly fewer conidia where produced compared to the wild type (Figure
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2.12C). Deletion of FRQ1 did not impact conidial germination under permissive conditions (i.e.,
constant darkness at 25 °C) (Figure 2.12D). However, the impact of FRQ1 deletion on
germination under repressive conditions was not assessed in this study but will be examined in
future studies. This data demonstrates that Frq1 has only a minor impact on conidiation.
Together with data derived from CRP1 and CRP2 deletion, it is likely that light regulates
conidiation through the WCC, but this regulation is independent of Frq1 or the circadian clock in
C. zeae-maydis.

2.4.7. Frq1 is required for foliar infection and pre-penetration infectious development in
planta
Evidence from previous work (Hirsch 2014; Kim et al. 2011b) and data presented above suggests
that a Crp1/Crp2-mediated light response is required for foliar infection and lesion development
and transcriptional regulation of FRQ1. To explore role of Frq1 in pathogenesis and the
possibility that Crp1-mediated regulation of FRQ1 expression is important for pathogenesis, the
wild type and two FRQ1 deletion strains were assessed for foliar infection and lesion
development (Figure 2.13A). Lesions became apparent on plants inoculated with the wild type 5
to 7 dai (data not shown) and mature lesions developed by 14 dai (Figure 2.13A). Lesions were
not observed on plants inoculated with the FRQ1 deletion strains 14 dai (Figure 2.13A) or up to
21 dai (data not shown). This data demonstrates that deletion of CRP1, CRP2, or FRQ1 similarly
impact foliar infection and lesion development and suggests that Crp1-mediated regulation of
FRQ1 expression may be important for pathogenesis in C. zeae-maydis. However, it is not yet
clear if Crp1 drives FRQ1 expression through light regulation, circadian regulation, or a
combination of the two during pathogenesis.
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As demonstrated above, deletion of CRP1 or CRP2 similarly impair pre-penetration
infectious development, suggesting that Crp1 and Crp2 function together to regulate this process.
To further dissect the role of Frq1 in pathogenesis, a strain constitutively expressing green
fluorescent protein (GFP) in a FRQ1 deletion strain was generated. The wild type and a FRQ1
deletion strain expressing GFP were inoculated on 4-week-old maize and assessed for prepenetration infectious development 4 dai (Figure 2.13B-E). The percentage of germlings of the
FRQ1 deletion strain encountering stomata was significantly less than the percentage of wildtype germlings encountering stomata (Figure 2.13B). Additionally, the number of stomata
encountered by individual germlings of the FRQ1 deletion strain was significantly less than the
number encountered by wild-type germlings (Figure 2.13C). The reductions in stomata
encountered by the FRQ1 deletion strain are in contrast to what was observed following CRP1
deletion. The number of appressoria produced by germlings of the FRQ1 deletion strain was
significantly less than the number produced by wild-type germlings (Figure 2.13D). The
percentage of germtubes forming appressoria when stomata were encountered was significantly
reduced in the FRQ1 deletion strain compared to wild type (Figure 2.13E). The reductions in
appressorium formation by the FRQ1 deletion strain are consistent with what was observed
following CRP1 deletion. In addition, deletion of FRQ1 did not have a significant impact on the
formation of in vitro appressoria under 12 h:12 h light:dark (Figure 2.13F), which suggests that
deletion of FRQ1 impacts perception of signals specifically associated with the host
environment. These results demonstrate that deletion of CRP1, CRP2, or FRQ1 similarly impact
pre-penetration infectious development through defects in appressoria formation when stomata
are encountered. This indicates that the observed impact of CRP1, CRP2, or FRQ1 deletion on
foliar infection and lesion development is partially caused by defects in pre-penetration
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infectious development. Deletion of FRQ1 also reduced the number of stomata encountered,
which supports previous observations that Frq1 is important for stomatal tropism (Hirsch 2014).
However, the full extent of which FRQ1 deletion impacts stomatal tropism and/or the perception
of signals associated with stomata is not yet known. Furthermore, similar to what was observed
for CRP1 and CRP2 deletion strains, a percent of stomata encountered by the FRQ1 deletion
strain still resulted in appressoria formation. It is not yet clear why foliar infection and lesion
formation was not observed in plants inoculated with FRQ1 deletion strains, and additional
experiments will be required to determine if Frq1 is important impaired for host entry (e.g.,
through defects in the formation of a penetration peg) or following host entry (e.g., through
defects in differentiation or response to mechanisms of host defense).

2.4.8. Overexpression of FRQ1 in the wild-type background does not impact foliar infection
but restores foliar infection in a Crp1-deficient background
Overexpression of frequency in other fungi, including N. crassa and B. cinerea, impairs clock
function (Aronson et al. 1994; Hevia et al. 2015). To further explore the importance of light
regulation versus circadian regulation of FRQ1 during pathogenesis, strains overexpressing
FRQ1 in the wild-type background and in a Crp1-deficient background were generated. The wild
type, two strains overexpressing FRQ1, and two CRP1 deletion strains overexpressing FRQ1
were assessed for foliar infection and lesion development to determine if FRQ1 overexpression
impairs pathogenesis and/or is sufficient for pathogenesis in the absence of Crp1 (Figure 2.14).
Lesions became apparent on plants inoculated with all strains at 5 to 7 dai (data not shown) and
mature lesions developed by 14 dai (Figure 2.14A-B). This data demonstrates that FRQ1
overexpression in the wild type does not impact pathogenesis. It is assumed that FRQ1
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overexpression impairs the circadian clock in C. zeae-maydis as observed in other fungi
(Aronson et al. 1994; Hevia et al. 2015), although additional experiments will be required to
confirm this is the case. However, based on the above assumption, it appears that even in the
absence of a functional circadian clock the presence of FRQ1 sufficient for foliar infection and
lesion formation. Additional evidence supports this idea. FRQ1 overexpression in a CRP1
deletion strain is also assumed to lack circadian regulation but is sufficient to restore
pathogenesis and at least partially restore virulence. The FRQ1 overexpression strains generated
here will provide a genetic tool to further dissect light regulation versus circadian regulation of
FRQ1 during pathogenesis in the future.

2.4.9. Crp1 and Frq1 are important for appropriate regulation of the phytotoxic secondary
metabolite, cercosporin
Many Cercospora species, including C. zeae-maydis, produce the phytotoxic secondary
metabolite cercosporin (Daub, Herrero, and Chung 2005). Cercosporin is a polyketide-derived
perylenequinone and non-host-specific toxin important for virulence in some Cercospora species
(Daub, Herrero, and Chung 2005). The core cercosporin toxin biosynthesis (CTB) cluster of C.
zeae-maydis spans approximately 24 kb, consists of eight genes (CTB1-8), and is highly similar
to the characterized CTB clusters of C. nicotianae and C. beticola (Chen et al. 2007; de Jonge et
al. 2018). Light, Crp1, and nitrogen are key regulators of cercosporin biosynthesis in C. zeaemaydis (Bluhm, Dhillon, et al. 2008; Kim et al. 2011a). Cercosporin biosynthesis is repressed in
the dark and the presence nitrogen but is induced by light and disruption of CRP1 (Bluhm,
Dhillon, et al. 2008; Dorleku 2013; Kim et al. 2011b). To confirm previous observations on the
importance of light and nitrogen in the regulation of cercosporin biosynthesis, the wild type and
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two CRP1 deletion strains were on 0.2× PDAG medium with or without the addition of 10 mM
ammonium nitrate and grown under constant light or constant darkness (Figure 2.15A).
Cercosporin accumulated as a visible reddish pigment in the culture medium when the fungus
was grown in constant light but not constant darkness (Figure 2.15A). Additionally, the addition
of nitrogen (10 mM ammonium nitrate) suppressed cercosporin accumulation in the culture
medium when the fungus was grown in constant light (Figure 2.15A). Surprisingly, the addition
of exogenous cercosporin (CR) but not the solvent control (control) appeared to induce
cercosporin accumulation in the wild type (Figure 2.15B). The induction observed in the
presence of exogenous cercosporin was suppressed with the addition of nitrogen (Figure 2.15B).
These observations will be examined in greater detail in the future. It was also found that the
addition of nitrogen suppressed cercosporin accumulation in CRP1 deletion strains in constant
light (Figure 2.15C). Disruption of CRP1 depresses cercosporin biosynthesis in dark (Kim et al.
2011b). It has yet to be determined if the addition of nitrogen will suppress cercosporin
accumulation in CRP1 deletion strains in constant darkness.
To determine how full-length deletion of CRP1 or FRQ1 impacts the regulation of
cercosporin, the wild type, two CRP1 deletion strains, a CRP1 deletion strain complemented
with the wild type CRP1 allele, and three FRQ1 deletion strains were assessed for cercosporin
accumulation. When the wild type was grown under permissive conditions (i.e., 0.2× PDAG
medium in constant light or 12 h:12 h light:dark at 25 °C), cercosporin accumulated as a visible
reddish pigment in the culture medium as early as 72 h (data not shown). The CRP1 deletion
strains and CRP1 genetic complement produced cercosporin similarly to the wild type under
permissive conditions (Figure 2.16A). Deletion of FRQ1 abolished cercosporin under permissive
conditions (Figure 2.16A). When the wild type was grown under repressive conditions (i.e., 0.2×
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PDAG medium in constant darkness at 25 °C), very little cercosporin accumulated in the culture
medium (Figure 2.16A). Deletion of CRP1 derepressed cercosporin accumulation in darkness as
previously reported for CRP1 disruption (Figure 2.16A) (Kim et al. 2011b). Complementation of
a CRP1 deletion strain restored cercosporin repression in darkness (Figure 2.16A). FRQ1
deletion strains did not produce cercosporin under repressive conditions (Figure 2.16A).
To explore how FRQ1 overexpression impacts cercosporin biosynthesis, the wild type, a
strain overexpressing FRQ1, a CRP1 deletion strain, and a CRP1 deletion strain overexpressing
FRQ1 were cercosporin accumulation. Similar results were observed for the wild type and CRP1
strain grown under permissive or repressive conditions as observed in Figure 2.16A (data not
shown). Overexpression of FRQ1 in the wild type appeared to increase cercosporin biosynthesis
under permissive conditions and caused derepression of cercosporin biosynthesis under
repressive conditions (Figure 2.16B). The CRP1 deletion strain overexpressing FRQ1 produced
cercosporin under permissive and repressive conditions similar to what was observed for CRP1
deletion (Figure 2.16B), suggesting that overexpression of FRQ1 in the CRP1 deletion strain
does not impact the cercosporin phenotype associated with deletion of CRP1. Together, these
results demonstrate that Crp1 and Frq1 are important for appropriate regulation of the secondary
metabolite, cercosporin and, to the best of our knowledge, provides the first functional link
between FREQUENCY and secondary metabolism in any fungus.

2.4.10. Strains deficient in Crp1 or Frq1 are more sensitive to cercosporin
Cercosporin has broad-spectrum toxicity (Daub, Herrero, and Chung 2005). Following light
absorption, cercosporin generates reactive oxygen species, including singlet oxygen (1O2) and
superoxide (O2−), which cause peroxidation of membrane lipids leading to electrolyte leakage
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and cell death (Daub, Herrero, and Chung 2005). Cercospora species are resistant to cercosporin
(Daub 1987). To determine if Crp1 or Frq1 has a role in cercosporin resistance, the wild type,
two CRP1 deletion strains, and two FRQ1 deletion strains were grown on 0.2× PDAG medium
supplemented with 10 mM ammonium nitrate in the presence of exogenous cercosporin. All
strains grew equally well on control plates (Figure 14). When strains were grown under 12 h:12
h light:dark in the presence of 1 μm cercosporin, the FRQ1 deletion strains showed reduced
growth compared to the wild type or CRP1 deletion strains (Figure 14). When strains were
grown under 12 h:12 h light:dark in the presence of 10 μm cercosporin, the FRQ1 deletion
strains showed further reduction in growth compared to the wild type and the CRP1 deletion
strains showed reduction in growth compared to the wild type (Figure 14). Interestingly, the
FRQ1 deletion strains but not the CRP1 deletion strains showed similar reduction in growth
compared to the wild type when strains were grown under constant light in the presence of 10
μm cercosporin (Figure 14). This data indicates that Crp1 and Frq1 have a role in cercosporin
resistance and/or more general stress responses. Additionally, this data indicates that Crp1 and
Frq1 differ in their contribution to cercosporin resistance and constant light by passes the
contribution of Crp1 to cercosporin resistance.

2.4.11. Expression of the stress response MAPKKK gene, CZK3, and the cercosporin
transporter gene, CFP1, are under clock control
Mitogen-activated protein kinase (MAPK) signal transduction pathways are central regulators of
stress responses, differentiation, and pathogenesis in fungi (Jiang et al. 2018; Zhao, Mehrabi, and
Xu 2007; Turrà, Segorbe, and Di Pietro 2014). The osmotic sensing (OS) MAPK pathway of N.
crassa and related pathways respond to multiple environmental stresses, including oxidative,
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osmotic, and heat stress (Lamb et al. 2011; Reiter et al. 2008; Papadakis and Workman 2015).
Interestingly, the OS-pathway of N. crassa is controlled, at least in part, by the circadian clock
(Lamb et al. 2011; Vitalini et al. 2007). The OS-pathway MAPK kinase kinase, OS-4, is encoded
by os-4 (Fujimura et al. 2003). The WCC binds the os-4 promoter driving light and circadian
expression, which in turn, drives light and circadian phosphorylation of the OS-pathway MAPK,
OS-2 (Lamb et al. 2011; Vitalini et al. 2007). The C. zeae-maydis gene, CZK3, encodes a MAPK
kinase kinase orthologous to OS-4 of N. crassa (Shim and Dunkle 2003). Targeted disruption of
CZK3 resulted in a highly pleotropic phenotype that partially overlaps with phenotypes observed
for CRP1 or FRQ1 deletion strains, including the impairment of lesion development and
cercosporin accumulation (Shim and Dunkle 2003). This suggests that expression of CZK3 might
be under light and/or clock control in C. zeae-maydis.
Although the precise mechanism underlying cercosporin resistance is not fully understood, a
number of proteins involved in cercosporin resistance in Cercospora species have been identified
(Amnuaykanjanasin and Daub 2009; Callahan et al. 1999; Chung et al. 2003; Ehrenshaft et al.
1998; Herrero, Amnuaykanjanasin, and Daub 2007). These include the major facilitator
superfamily (MFS) transporter, CFP (cercosporin facilitator protein), and a Zn(II)2Cys6
binuclear cluster transcription factor, CRG1 (cercosporin resistance gene 1), which were
identified in C. kikuchii and C. nicotianae, respectively (Callahan et al. 1999; Chung et al. 2003).
Interestingly, expression of CFP, CRG1, and CTB1, which encodes the polyketide synthase
required for cercosporin biosynthesis (Choquer et al. 2005), are induced by light. Based this
information and on our observations for the CRP1 and FRQ1 deletion strains related to
cercosporin, we reasoned that expression of genes involved in cercosporin biosynthesis and/or
resistance might be under clock control. Here, we identified genes encoding putative orthologs of
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CFP, based on work in C. kikuchii and a previously characterized cDNA clone derived from C.
zeae-maydis (Callahan et al. 1999; Shim and Dunkle 2002), and CRG1, based on work in C.
nicotianae (Chung et al. 1999, 2003) in the genome of C. zeae-maydis, designated CFP1
(protein ID 43271) and CRG1 (protein ID 120374), respectively.
To test the possibility that genes involved in stress responses, cercosporin biosynthesis,
and/or cercosporin resistance might be regulated by the circadian clock in C. zeae-maydis, the
wild type was grown on 0.2× PDAG medium under LD at 25 °C for 48 h then shifted to freerunning conditions (i.e., DD at 25 °C). Expression of CZK3, CFP1, CRG1, CTB1, and FRQ1 was
monitored every four hours over the course of one circadian cycle (24 h). Expression of FRQ1
peaked at 16 h as previously observed (Figure 15). Transcripts of CZK3 and CFP1 showed a
similar peak in expression at 16 h similar to what was observed for expression of FRQ1 (Figure
15). Transcripts of CRG1 and CTB1 did not peak in expression at 16 h or appear to oscillate at a
different phase (Figure 15). This data indicates that expression of the stress response MAPKKK
gene, CZK3, and the cercosporin transporter gene, CFP1, are under clock control.

2.4.12. The physiological response to cercosporin is clock-dependent
Although Cercospora species are resistant to cercosporin, the mechanisms underlying
cercosporin resistance are not fully understood. Light is a fundamental regulator of cercosporin
biosynthesis and required for toxicity. Here, we demonstrate that Crp1 and Frq1 are components
of circadian clock and important for cercosporin resistance. We further demonstrate that the
circadian clock transcriptionally regulates genes involved in stress responses and cercosporin
resistance. Together, this leads to the idea that the circadian clock regulates the physiological
response to cercosporin in C. zeae-maydis. To test this idea, the wild-type strain was grown in
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0.2× PDB medium and treated with exogenous cercosporin at different circadian times.
Following treatment with cercosporin at 12 h DD (subjective morning) or 24 h DD (subjective
evening), tissue was shifted to constant light and ion leakage was determined as a proxy for
cercosporin-induced cellular damage over time (i.e., 1 h, 2 h, and 3 h). No significant difference
in ion leakage was observed between tissue treated with a solvent control at 12 h DD and 24 h
DD (Figure 15). However, tissue treated with cercosporin at 12 h DD (subjective morning)
showed a significantly less ion leakage at 2 h and 3 h after treatment than tissue treated with
cercosporin at 24 h DD (subjective evening) (Figure 15). This data indicates that physiological
response to cercosporin is under clock control, and our data suggests that the fungus is better
prepared to deal with the stress associated with cercosporin toxicity in the subjective morning
than subjective evening.

2.5. Conclusions
Gray leaf spot is a globally important foliar disease of maize caused by the fungus Cercospora
zeae-maydis. In C. zeae-maydis, light is a critical environmental signal linked to pathogenesis
and secondary metabolism. However, the mechanisms by which the fungus senses and responds
to light are not fully understood. The results of this study suggest that (1) C. zeae-maydis has a
circadian clock of which Crp1 and Frq1 are important components, (2) a Crp1/Crp2-mediated
light response drives pathogenesis through regulation of FRQ1, and (3) Frq1 has clockindependent role in pathogenesis and a clock-dependent role in cercosporin resistance. These
phenomena have not been previously described and advance the fundamental understanding of
how light regulates pathogenesis and secondary metabolism in C. zeae-maydis.
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2.7. Tables and Figures
Table 2.1. Strains used in this study.
Strain
SCOH1-5
SCOH1-5gGFP
FRQ1OE-1
FRQ1OE-2
Δcrp1-12
Δcrp1-14
Δcrp1-14/CRP1
Δcrp1-14gGFP
Δcrp1-14/FRQ1OE-1
Δcrp1-14/FRQ1OE-2
Δcrp2-21
Δcrp2-24
Δcrp2-21gGFP
Δfrq1-5
Δfrq1-18
Δfrq1-33
Δfrq1-5gGFP

Genotype
Wild type
gGFP::neo
FRQ1OE::neo
FRQ1OE::neo
Δcrp1::hph
Δcrp1::hph
Δcrp1::hph,CRP1::neo
Δcrp1::hph,gGFP::neo
Δcrp1::hph,FRQ1OE::neo
Δcrp1::hph,FRQ1OE::neo
Δcrp2::hph
Δcrp2::hph
Δcrp2::hph,gGFP::neo
Δfrq1::hph
Δfrq1::hph
Δfrq1::hph
Δfrq1::hph,gGFP::neo
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Reference
Shim and Dunkle, 2002
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Hirsch 2014
Hirsch 2014
Hirsch 2014
This study

1
84
84
2

Table 2.2. WHITE COLLAR-1, WHITE COLLAR-2, and FREQUENCY orthologs and protein accessions used in this study.
Protein accessiona
WHITE COLLAR-1
Dothideomycetes Cercospora zeae-maydis
SCOH1-5
Cerzm1|110684*
Cladosporium fulvum
0WU
Clafu1|187550*
Cochliobolus heterostrophus C5
CocheC5|1084651*
Cochliobolus lunatus
m118
Coclu2|144502*
Dothistroma septosporum
NZE10
Dotse1|74976*
Leptosphaeria maculans
JN3
XP_003841512.1
Macrophomina phaseolina
MS6
EKG10461.1
Parastagonospora nodorum SN15
Stano2|5523*
Pyrenophora tritici-repentis Pt-1C-BFP
XP_001933567.1
Zymoseptoria tritici
IPO323
Mycgr3|76651*
Leotiomycetes
Botrytis cinerea
B05.10
XP_024547291.1
Sclerotinia sclerotiorum
1980 UF-70 APA14249.1
Pezizomycetes
Pyronema confluens
CBS100304 CCX16476.1
Sordariomycetes Claviceps purpurea
20.1
CCE27565.1
Colletotrichum graminicola M1.001
XP_008094502.1
Colletotrichum higginsianum IMI 349063
CCF31796.1
Coniochaeta ligniaria
NRRL 30616 OIW26387.1
Fusarium graminearum
PH-1
XP_011327783.1
Fusarium verticillioides
7600
Fusve2|8536*
Metarhizium acridum
CQMa 102
XP_007808025.1
Neurospora crassab
OR74A
XP_011395151.1
Ophiocordyceps sinensis
CO18
EQK98623.1
Podospora anserina
S mat+
XP_001929787.1
Sordaria macrospora
K-hell
XP_003351224.1
Trichoderma reesei
QM6a
XP_006965752.1
Verticillium dahliae
VdLs.17
XP_009656645.1
Class

Species

Strain

75
3

75
84

WHITE COLLAR-2
Cerzm1|109539*
Clafu1|186128*
CocheC5|1034207*
Coclu2|125761*
Dotse1|70543*
XP_003841210.1
EKG13926.1
Stano2|7692*
XP_001934846.1
Mycgr3|32587*
XP_001559684.1
XP_001587208.1
CCX05499.1
CCE26663.1
XP_008089612.1
XP_018158497.1
OIW26185.1
XP_011316414.1
Fusve2|679*
XP_007815884.1
EAA34583.3
EQK98372.1
XP_001912380.1
XP_003351643.1
AAV80186.1b
XP_009657865.1

FREQUENCY
Cerzm1|111252*
Clafu1|190474*
CocheC5|1168246*
Coclu2|44578*
Dotse1|73342*
XP_003845311.1
EKG17747.1
Stano2|9151*
XP_001941961.1
Mycgr3|93972*
XP_001547609.1
XP_001586815.1
CCX09772.1
CCE27108.1
XP_008091539.1
CCF33204.1
A0A1J7IGK7
ESU12098.1
Fusve2|15878*
XP_007808256.1
AAA57121.1
EQK98938.1
A0A090D7Y4
F7VVY1
XP_006965164.1
EGY17172.1

Table 2.2. (Cont.)
a

An asterisk denotes protein accessions referenced at the Joint Genome Institute (represented as
organism ID|protein ID). Other protein accessions are referenced at the National Center for
Biotechnology Information (NCBI). Web addresses for the Joint Genome Institute and the
National Center for Biotechnology Information are provided in Materials and Methods.
b
The reference sequence for the putative WHITE COLLAR-2 ortholog of Trichoderma reesei
strain QM6a available in NCBI (XP_006966680.1) is a partial sequence. The putative WHITE
COLLAR-2 ortholog Blue Light Receptor-2 (BLR-2) of Trichoderma reesei strain QM9414
(Schmoll, Franchi, and Kubicek 2005) was used here.
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Table 2.3. Primers used in this study.
Primer
CZM110684_A1
CZM110684_F1
CZM110684_F1N
CZM110684_F2
CZM110684_F3
CZM110684_F4N
CZM110684_F4
CZM110684_A2
CZM110684_PF
CZM110684_PR
RB300_F
RB300_R
RB301_F
RB301_R
CZM109539_A1
CZM109539_F1
CZM109539_F1N
CZM109539_F2
CZM109539_F3
CZM109539_F4N
CZM109539_F4
CZM109539_A2
CZM109539_C1
CZM109539_C2
CZM111252_A1
CZM111252_F1
CZM111252_F1N
CZM111252_F2
CZM111252_F3
CZM111252_F4N
CZM111252_F4
CZM111252_A2
HY
YG
HYN
YGN
HYG_PF
HYG_PR

Sequence (5′–3′)a
GATTCACGGTGTGAGAATAGCCATG
GTGTAACCTGTCCGCAGATCATG
GGTCGTCTGGAAGCTCATCC
attacaattcactggccgtcgttttacGCGTTCGAGCAAAGCTGTC
cgtaatcatggtcatagctgtttcctgCTCTCGGGAAGGATATACGCTACAG
GAGCAAAGCTGCCAATGTCG
GTTGTGTCGCTCCGCTTCA
CCATTCGTCAAAGTCCACTGCATC
GCTGATCAATTATCGACGAGGAGG
CAGTGCCAATGATCTCGCTC
atcccccgggctgcaggaattcgatCTACTTGTCGTCATCGTC
cgtggaacctgatTTAATTAAGGGCGGAGGC
cgcccttaattaaATCAGGTTCCACGCCTTC
acggtatcgataagcttgatGAGAGTGAGGAGTGCAGTC
AAGTCCTTGGGCGGAGA
TTGGCCACAGTGAAGTCTC
CGAAGACACGCGAGCTG
attacaattcactggccgtcgttttacGTCAGCACTCATCATGCC
cgtaatcatggtcatagctgtttcctgTTGCACTGGGCTTCCAG
CCAGAGCACCAACGACAA
GTCTGCTTGCCGATGAGC
CGAGATGTCATGTCTGGGC
ggtcgacggtatcgataagcttgatCGGAGGCTTTGTTGCTTGC
atcccccgggctgcaggaattcgatGAGTCTGCTTGCCGATGAGC
GCAGGGCATCGAACGG
ATCGTCGATGGCTCACAC
GCTCCCGTCTGATGCTG
attacaattcactggccgtcgttttacATGGGCGGCATTGCTG
cgtaatcatggtcatagctgtttcctg GACGAGATGGGAGATGGCTA
TCGCCAGCGTTTCGTC
TGCTGCTCTCGGTGCT
GGACTTACCGACTCATTCTTGG
GGATGCCTCCGCTCGAAGTA
CGTTGCAAGACCTGCCTGAA
TAGCGCGTCTGCTGCTCCATACAAG
ACCGAACTGCCCGCTGTTCTC
CCAGTGATACACATGGGGATCAGC
GGATATGTCCTGCGGGTAAATAGCTG
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Table 2.3. (Cont.)
Primer
M13F
M13R
GEN_F_SpeI
GEN_R_HpaI
RB310_F
RB310_R
RB311_F
RB311_R
TUB2_rtF2
TUB2_rtR2
FRQ1_rtF2
FRQ1_rtR2
CZK3_rtF1
CZK3_rtR1
CTB1_rtF1
CTB1_rtR1
CFP1_rtF1
CFP1_rtR1
CRG1_rtF1
CRG1_rtR1

Sequence (5′–3′)a
GTAAAACGACGGCCAGTGAATTGTAAT
CAGGAAACAGCTATGACCATGATTACG
gggactagtTGAAAAACGACGGCCAA
gggttaacATGCGGGGTATCGTATGCTTCC
atcccccgggctgcaggaattcgatCGGTCGCGCACAATGTCTAAG
ccaagcatccaattaattaaATGACACCGCCGACGCAAAC
tcggcggtgtcatttaattaaTTGGATGCTTGGGTAGAATAG
ggtcgacggtatcgataagcttgatGTTAACTGATATTGAAGGAGCATTTTTTG
GAGATCGTCCATCTTCAAACC
AGGTCAGACGTGCCATTGTA
GGCGATCGCAAAGCGAATGG
TCAGCCAGCGGTCCTCTCTT
GCGAAGCAGGTGAGAAGTAT
CCTCTTCTTGCCACTCTTTCT
CCGTTGAAGTAGCAGAGATGAA
TGGCATGCTTGATAGTGGAG
AGGCGACATTGCCATTCA
GTACTGCTTGGAACCAGAGG
GCTCAACGATCCGAGCTATC
AGAGAGGAACTGGCTGTAGT

a

Nucleotides in lowercase are not present in template but facilitate PCR-based fusion, Gibson
assembly, and/or addition of restriction enzyme sites to the amplified product.
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Figure 2.1. Targeted deletion of CRP1 in Cercospora zeae-maydis. (A) Schematic representation
of the CRP1 locus in C. zeae-maydis and the split‐marker strategy used for targeted deletion.
Blue blocks represent CRP1 exons. White blocks and dark gray blocks represent untranslated
regions and exons, respectively, of the adjacent gene. Arrows indicate gene directionality. Black
bars represent the locations of probes relative to genomic loci. (B) Strains SCOH1-5 (wild type),
Δcrp1-1, Δ crp1-2, Δ crp1-12, and Δ crp1-14 were validated by polymerase chain reaction (PCR)
using primer pairs: CZM110684_PF/CZM110684_PR (Probe 1), CZM110684_A1/HY (Probe 2)
and YG/ CZM110684_A2 (Probe 3). Strain descriptions are presented in Table 2.1. Probe 4 was
not used in this study.
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Figure 2.2. The White Collar Complex components, Crp1 and Crp2, regulate asexual
development in C. zeae-maydis. Strains SCOH1-5 (wild type), Δcrp1-12, Δcrp1-14, and
Δcrp1/CRP1-6 (complementation of Δcrp1-14 with the wild-type CRP1 allele) were grown on
V8 agar medium under constant darkness (A), 12 h:12 h light:dark (B), or constant light (C).
Strains SCOH1-5 (wild type), Δcrp2-21, and Δcrp2-24 were grown on V8 agar medium under
constant darkness (D), 12 h:12 h light:dark (E), or constant light (F). For panels A-F, conidia
were collected and quantified 4 days after inoculation. (G) Representative germination of conidia
of strain SCOH1-5 (wild type) after 6 h. (H) Strains SCOH1-5 (wild type), Δcrp1-12, Δcrp1-14,
and Δcrp1/CRP1-6 (complementation of Δcrp1-14 with the wild-type CRP1 allele) were
assessed for conidium germination after 6 h. (I) Strains SCOH1-5 (wild type), Δcrp2-21, and
Δcrp2-24 were assessed for conidium germination after 6 h. Points represent values of biological
replications. Bars represent standard deviation of the mean. Statistical differences were
determined using one-way ANOVA and Tukey's honestly significant difference (HSD) post hoc
test. One-way ANOVA results (p-values) are presented. Different letters indicate statistically
significant differences (p < 0.05) determined by Tukey’s HSD test.
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Figure 2.3. Crp1 and Crp2 regulate foliar infection in C. zeae-maydis. (A) Strains SCOH1-5
(wild type), Δcrp1-12, and Δcrp1-14 were sprayed onto the two youngest, fully expanded leaves
of four-week-old maize plants and visually assessed for lesion development 14 days after
inoculation (dai). A mock treatment was included as a control. (B) Strains SCOH1-5 (wild type),
Δcrp2-21, and Δcrp2-24 were sprayed onto the two youngest, fully expanded leaves of fourweek-old maize plants and visually assessed for lesion development 14 days after inoculation
(dai). A mock treatment was included as a control.
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Figure 2.4. Pre-penetration infectious development underlies foliar infection by C. zeae-maydis.
Strain SCOH1-5 (wild type) constitutively expressing green fluorescent protein (GFP) was
sprayed onto the two youngest, fully expanded leaves of four-week-old maize plants. Prepenetration infectious development was visually assessed 4 days after inoculation.
Representative interactions between C. zeae-maydis and maize stomata, including hyphal
reorientation and appressorium formation, are illustrated. Scale bar = 20 μm.
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Figure 2.5. Pre-penetration infectious development requires Crp1 and Crp2. For panels A-D,
strains SCOH1-5 (wild type) and Δcrp1-14 constitutively expressing green fluorescent protein
(GFP) were sprayed onto the two youngest, fully expanded leaves of four-week-old maize plants.
(A) The percentage of germlings encountering stomata was determined 4 days after inoculation
(dai). (B) The number of stomata encountered per germling was determined 4 dai. (C) The
number of number of appressoria formed per germling was determined 4 dai. (D) The percentage
of appressorium formation per stoma encountered was determined 4 dai. (F) Strains SCOH1-5
(wild type) and Δcrp2-21 constitutively expressing green fluorescent protein (GFP) were sprayed
onto the two youngest, fully expanded leaves of four-week-old maize plants. The percentage of
appressorium formation per stoma encountered was determined 4 dai. Points represent values of
biological replications. Bars represent standard deviation of the mean. Statistical differences
were determined using Student’s t-test. NS = not significant. ** indicates statistically significant
differences (p < 0.01) determined by Student’s t-test.
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Figure 2.6. The formation of appressoria in vitro is partially dependent on light and the White
Collar Complex component, Crp2. (A) Representative appressoria formed in vitro by strain
SCOH1-5 constitutively expressing green fluorescent protein (GFP) after 84 h. Left panels
illustrate developing in vitro appressoria. Right panel illustrates a mature in vitro appressorium.
Scale bar = 20 μm. Strains SCOH1-5 (wild type) (B), Δcrp1-14 (C), and Δcrp2-21 (D) were
assessed for formation of appressoria in vitro under constant darkness, 12 h:12 h light:dark, and
constant light. The percentage of germlings forming appressoria in vitro was quantified after 84
h. Strains SCOH1-5 (wild type), Δcrp1-12, Δcrp1-14, Δcrp1/CRP1-6 (complementation of
Δcrp1-14 with the wild-type CRP1 allele), Δcrp2-21, and Δcrp2-24 were assessed for formation
of appressoria in vitro under constant darkness (E), 12 h:12 h light:dark (F), and constant light
(G). The percentage of germlings forming appressoria in vitro was quantified after 84 h. Bars
represent standard deviation of the mean. Statistical differences were determined using one-way
ANOVA and Tukey's honestly significant difference (HSD) post hoc test. One-way ANOVA
results (p-values) are presented. Different letters indicate statistically significant differences (p <
0.05) determined by Tukey’s HSD test.
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Figure 2.7. Curation of the FRQ1 locus of C. zeae-maydis. (A) RNA-seq reads from two data
sets (top and bottom panels) (Bluhm, unpublished data) were mapped to the C. zeae-maydis
SCOH1-5 genome. Visualization of the predicted CZM_111252 (FRQ1) locus (red rectangles
represent predicted exons) revealed no evidence for the predicted intron near the stop codon.
Note, orientation of CZM_111252 (FRQ1) as it is encoded on the minus strand genome. (B)
NCBI ORFfinder identified a total of 34 ORFs from the CZM_111252 (FRQ1) locus plus 500 bp
upstream of the predicted start codon and 500 bp downstream of the predicted stop codon, the
longest of which (ORF33) spanned 2994 bp. (C) Visualization of RNA-seq reads from two data
sets (top and bottom panels) mapped to the C. zeae-maydis SCOH1-5 genome and ORF33 (red
rectangle represents single predicted exon).
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Figure 2.8. Curated sequences of FRQ1 and Frq1 of C. zeae-maydis. (A) Nucleotide sequence of
FRQ1 of C. zeae-maydis based on the corrected CZM_111252 ORF. (B) Amino acid sequence of
Frq1 of C. zeae-maydis based on conceptual translation of the corrected CZM_111252 ORF.
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Figure 2.9. The C. zeae-maydis genome encodes an ortholog of the circadian clock component,
FREQUENCY. (A) Phylogenetic reconstruction using putative FRQ orthologs produced a tree
topography corresponding closely to the branching order expected for the Ascomycota. (B)
Conceptual translation of Frq1 reveals a protein predicted to contain five functional domains
(Coiled-coiled domain, FRQ-CK1 interacting domain, PEST-1 domain, FRQ-FRH interacting
domain, and PEST-2 domain) represented by colored boxes. Comparison of Frq1 and FRQ
demonstrates conserved domain architecture between the two proteins. in silico analyses of FRQ
and Frq1 revealed regions regions of low structural complexity a characteristic feature of
intrinsically disordered proteins.
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Figure 2.10. Cercospora zeae-maydis has a circadian clock that requires Crp1 and Frq1. (A)
Strain SCOH1-5 (wild type) was grown in constant darkness for 2 d then exposed to a 30 min
pulse of white light or maintained in constant darkness. FRQ1 mRNA level was determined by
reverse transcription-quantitative PCR (RT-qPCR) and is presented as level following light pulse
relative to constant darkness. (B) Strain SCOH1-5 (wild type) was entrained under 12h:12h
light:dark for 48 h, shifted to free-running conditions (constant darkness), and collected every 4 h
over 24 h. Relative FRQ1 mRNA level was determined by RT-qPCR. Blocks above graphs
represent circadian time (CT) and illustrate the phase of the circadian clock. Black blocks
represent “subjective night”; white blocks represent “subjective day”. Bars represent standard
error of the mean. Strains SCOH1-5 (wild type) and Δcrp1-14 were grown in constant darkness
for 2 d then exposed to a 30 min pulse of white light or maintained in constant darkness. (C)
FRQ1 mRNA level was determined by RT-qPCR and is presented as level in constant darkness
relative to the wild type. (D) FRQ1 mRNA level was determined by RT-qPCR and is presented
as level following light pulse relative to constant darkness for each strain. Bars represent
standard error of the mean. Statistical differences were determined using Student’s t-test. NS =
not significant. * indicates statistically significant differences (p < 0.05) determined by Student’s
t-test.

88

Figure 2.11. Targeted deletion of FRQ1 in Cercospora zeae-maydis. (A) Schematic
representation of the FRQ1 locus in C. zeae-maydis and the split‐marker strategy used for
targeted deletion. The blue block represents the FRQ1 exon. White blocks and dark gray blocks
represent untranslated regions and exons, respectively, of adjacent genes. Arrows indicate gene
directionality. Black bars represent the locations of probes relative to genomic loci. (B) Strains
SCOH1-5 (wild type), Δfrq1-5, Δfrq1-18, Δfrq1-32, and Δfrq1-33 were validated by polymerase
chain reaction (PCR) using primer pairs: CZM111252_PF/CZM111252_PR (Probe 1),
CZM111252_A1/HY (Probe 2) and YG/ CZM111252_A2 (Probe 3). (C) Genomic DNA of
strains SCOH1-5 (wild type), Δfrq1-5, Δfrq1-6, and Δfrq1-33 was digested using the restriction
enzyme EcoRV and probed with a hygromycin phosphotransferase‐encoding gene (hph)‐specific
probe generated using primer pair HYG_PF/HYG_PR (Probe 4) by Southern blot. Strain
descriptions are presented in Table 2.1.
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Figure 2.12. Frq1 has a minor role in asexual development. Strains SCOH1-5 (wild type),
Δcrp1-12, Δcrp1-14, and Δcrp1/CRP1-6 (complementation of Δcrp1-14 with the wild-type
CRP1 allele) were grown on V8 agar medium under constant darkness (A), 12 h:12 h light:dark
(B), or constant light (C). Strains SCOH1-5 (wild type), Δcrp2-21, and Δcrp2-24 were grown on
V8 agar medium under constant darkness (D), 12 h:12 h light:dark (E), or constant light (F). For
panels A-F, conidia were collected and quantified 4 days after inoculation. (G) Representative
germination of conidia of strain SCOH1-5 (wild type) after 6 h. (H) Strains SCOH1-5 (wild
type), Δcrp1-12, Δcrp1-14, and Δcrp1/CRP1-6 (complementation of Δcrp1-14 with the wildtype CRP1 allele) were assessed for conidium germination after 6 h. (I) Strains SCOH1-5 (wild
type), Δcrp2-21, and Δcrp2-24 were assessed for conidium germination after 6 h. Points
represent values of biological replications. Bars represent standard deviation of the mean.
Statistical differences were determined using one-way ANOVA and Tukey's honestly significant
difference (HSD) post hoc test. One-way ANOVA results (p-values) are presented. Different
letters indicate statistically significant differences (p < 0.05) determined by Tukey’s HSD test.
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Figure 2.13. Frq1 is required for foliar infection and pre-penetration infectious development in
planta. (A) Strains SCOH1-5 (wild type), Δfrq1-5, and Δfrq1-18 were sprayed onto the two
youngest, fully expanded leaves of four-week-old maize plants and visually assessed for lesion
development 14 days after inoculation (dai). A mock treatment was included as a control. For
panels B-E, strains SCOH1-5 (wild type) and Δfrq1-5 constitutively expressing green fluorescent
protein (GFP) were sprayed onto the two youngest, fully expanded leaves of four-week-old
maize plants. (B) The percentage of germlings encountering stomata was determined 4 days after
inoculation (dai). (C) The number of stomata encountered per germling was determined 4 dai.
(D) The number of number of appressoria formed per germling was determined 4 dai. (E) The
percentage of appressorium formation per stoma encountered was determined 4 dai. (F) Strains
SCOH1-5 (wild type), Δfrq1-5, and Δfrq1-18 were assessed for formation of appressoria in vitro.
The percentage of germlings forming appressoria in vitro was determined after 84 h. For all
panels, points represent values of biological replications, and bars represent standard deviation of
the mean. For panels B-E, statistical differences were determined using Student’s t-test. **
indicates statistically significant differences (p < 0.01) determined by Student’s t-test. For panel
F, statistical differences were determined using one-way ANOVA and Tukey's honestly
significant difference (HSD) post hoc test. One-way ANOVA results (p-values) are presented.
Different letters indicate statistically significant differences (p < 0.05) determined by Tukey’s
HSD test.
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Figure 2.14. Overexpression of FRQ1 in the wild-type background does not impact foliar
infection but restores foliar infection in a Crp1-deficient background. (A) Strains SCOH1-5 (wild
type), FRQ1OE-1 (independent FRQ1 overexpression in the wild-type background), and FRQ1OE2 (independent FRQ1 overexpression in the wild-type background) were sprayed onto the two
youngest, fully expanded leaves of four-week-old maize plants and visually assessed for lesion
development 14 days after inoculation (dai). A mock treatment was included as a control. (B)
Strains SCOH1-5 (wild type), Δcrp1/CRP1-6 (complementation of Δcrp1-14 with the wild-type
CRP1 allele), and Δcrp1/FRQ1OE-1 (FRQ1 overexpression in Δcrp1-14) were sprayed onto the
two youngest, fully expanded leaves of four-week-old maize plants and visually assessed for
lesion development 14 dai. A mock treatment was included as a control.
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Figure 2.15. Light and nitrogen regulate production of the phytotoxic secondary metabolite,
cercosporin, in C. zeae-maydis. (A) Strain SCOH1-5 (wild type) was spread onto 0.2× PDAG
medium with or without ammonium nitrate supplementation and incubated under 12 h:12 h
light:dark or constant light. (B) Strain SCOH1-5 (wild type) was spotted (104, 103, 102, or 10
conidia) onto 0.2× PDAG medium with (top panels) or without ammonium nitrate (bottom
panels) supplementation. Medium was additionally supplemented with methanol (control) or 10
μM cercosporin (CR). Cultures were incubated under constant light. (C) Strains Δcrp1-12 and
Δcrp1-14 were spotted (104, 103, 102, or 10 conidia) onto 0.2× PDAG medium with (top panels)
or without ammonium nitrate (bottom panels) supplementation and incubated under constant
light. Fungal growth was visually assessed 4 days after inoculation.
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Figure 2.16. Crp1 and Frq1 are important for appropriate regulation of cercosporin. (A) Strains
were spread onto 0.2× PDAG medium and grown under constant light, 12 h:12 h light:dark, or
constant darkness. Cultures were visually assessed for cercosporin accumulation 8 days after
inoculation (dai). (B) Strains were spread onto 0.2× PDAG medium and grown under constant
light, 12 h:12 h light:dark, or constant darkness. Cultures were visually assessed for cercosporin
accumulation 8 dai. Cercosporin accumulated as a reddish pigment in the culture medium.
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Figure 2.17. Strains deficient in Crp1 or Frq1 are more sensitive to cercosporin. Strains SCOH15 (wild type), Δcrp1-12, Δcrp1-14, Δfrq1-5, Δfrq1-18, and FRQ1OE (FRQ1 overexpression in the
wild-type background) were spotted (104, 103, 102, or 10 conidia) onto 0.2× PDAG medium
supplemented with ammonium nitrate and methanol (control), 1 μM cercosporin (CR), or 10 μM
cercosporin. Cultures were incubated under 12 h:12 h light:dark or constant light. Fungal growth
was visually assessed 3 days after inoculation.
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Figure 2.18. Expression of the stress response MAPKKK gene, CZK3, and the cercosporin
transporter gene, CFP1, are under clock control. Strain SCOH1-5 (wild type) was entrained
under 12h:12h light:dark for 48 h, shifted to free-running conditions (constant darkness), and
collected every 4 h over 24 h. (A) Relative FRQ1 mRNA level was determined by reverse
transcription-quantitative PCR (RT-qPCR). (B) Relative CFP1 mRNA level was determined by
RT-qPCR. (C) Relative CZK3 mRNA level was determined by RT-qPCR. (D) Relative CRG1
mRNA level was determined by RT-qPCR. (E) Relative CTB1 mRNA level was determined by
RT-qPCR. Blocks above graphs represent circadian time (CT) and illustrate the phase of the
circadian clock. Black blocks represent “subjective night”; white blocks represent “subjective
day”. Bars represent standard error of the mean.
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Figure 2.19. The physiological response to cercosporin is dependent on the circadian clock.
Strain SCOH1-5 (wild type) was grown in 0.2× PDB medium and entrained under 12h:12h
light:dark for 48 h, shifted to free-running conditions (constant darkness), and treated with a
methanol control or cercosporin (CR) at different circadian times: 12 h DD (subjective morning)
or 24 h DD (subjective evening). (A) Following control treatment, samples were shifted to
constant light and percent change in conductance was determined over time (1 h, 2 h, and 3 h
after treament). (B) Following cercosporin treatment, samples were shifted to constant light and
percent change in conductance was determined over time (1 h, 2 h, and 3 h after treament). Bars
represent standard error of the mean. Statistical differences were determined using Student’s ttest. * indicates statistically significant differences (p < 0.05) determined by Student’s t-test.
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Chapter 3: The Defective in Binding DNA Region of Crp1 Is Required for Circadian
Regulation of FRQ1 but Dispensable for Conidiation and Pathogenicity in Cercospora
Zeae-Maydis

3.1. Summary
The fungus Cercospora zeae-maydis causes gray leaf spot, one of the most important foliar
diseases of maize (Zea mays) worldwide. Cercospora zeae-maydis produces the secondary
metabolite cercosporin. The production and activation of cercosporin are dependent on light.
Additionally, light is an essential environmental signal tied to conidiation and pathogenesis in C.
zeae-maydis. The proteins Crp1, Crp2, and Frq1 are involved in the regulation of light responses
and a circadian clock in C. zeae-maydis. Evidence suggests that Crp1-mediated light sensing
coordinates pathogenesis through transcriptional regulation of FRQ1. However, it is not yet clear
if Frq1 is involved in pathogenesis as a component of a circadian oscillator or through a clockindependent mechanism. In an effort to further dissect light regulation versus circadian
regulation in C. zeae-maydis, the Defective in Binding DNA (DBD) region of Crp1 was
identified and characterized. In the model fungus, Neurospora crassa, the DBD region of Crp1
ortholog, WC-1, is dispensable for light-induced frq expression but is required for circadian
oscillation of frq expression. The purpose of this work was to decouple light regulation and
circadian regulation of conidiation, cercosporin, and pathogenesis through functional
characterization of the Crp1 DBD region. Comparison of Crp1 and WC-1 revealed complete
conservation of the DBD region and high conservation of the adjacent Zinc Finger DNA-binding
domain. Functional characterization revealed that the Crp1 DBD region of has a conserved role
in the fungal circadian clock, as mutation of the DBD region abolished circadian oscillation of
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FRQ1 expression. The DBD region was found to be required for Crp1-mediated regulation of
cercosporin biosynthesis and resistance, which indicates that light may regulate cercosporin
biosynthesis, at least in part, through the circadian clock. In contrast, the DBD region was found
is dispensable for Crp1-mediated regulation of conidiation, which indicates light and not the
circadian clock regulate conidiation. Although Crp1 is critical for pathogenesis in C. zeaemaydis, the DBD region was not required for Crp1 to function in this capacity. In summary, the
identification and characterization of the DBD region of Crp1 provides a novel genetic resource
to dissect light regulation versus circadian regulation in C. zeae-maydis.

3.2. Introduction
The fungus Cercospora zeae-maydis causes gray leaf spot, one of the most important foliar
diseases of maize (Zea mays) worldwide (Latterell and Rossi 1983; Ward et al. 1999).
Cercospora zeae-maydis is only known to infect maize and survives intercrop periods in infested
residue on or near the soil surface (de Nazareno, Lipps, and Madden 1993; Payne, Duncan, and
Adkins 1987; Payne and Waldron 1983; Ward et al. 1999). Following periods of high humidity
in early spring, conidia emerge from infested residue and are spread to young maize plants by
wind. Primary infection generally occurs on the lower leaves of the developing canopy during
extended periods of high relative humidity and leaf wetness (Rupe, Siegel, and Hartman 1982).
Gray leaf spot symptoms are initially apparent as small tan spots with chlorotic margins. As
lesions mature they become gray with a distinctive rectangular shape typically delineated by leaf
veins (Latterell and Rossi 1983; Ward et al. 1999). Lesion expansion often leads to coalescent
lesions and leaf blighting (Latterell and Rossi 1983; Ward et al. 1999). Reduction in the
photosynthetic capacity of the plant is the primary driver of yield losses associated with gray leaf
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spot, which can approach 65-70% in some growing regions of the world (Lennon et al. 2016;
Ngoko et al. 2002; Ward et al. 1999).
Discoloration of host tissue surrounding developing lesions is predominately associated with
intercellular growth (Beckman and Payne 1982), which suggests that fungal-derived toxins might
be important for infection and/or colonization by C. zeae-maydis. Many Cercospora species,
including C. zeae-maydis, are known to produce the phytotoxic secondary metabolite
cercosporin (Daub and Ehrenshaft 2000; Daub, Herrero, and Chung 2005). Cercosporin is a
polyketide-derived, photosensitizing perylenequinone that has long been considered a non-hostspecific toxin essential for virulence in Cercospora (Choquer et al. 2005; Daub, Herrero, and
Chung 2005). The production and activation of cercosporin are dependent on light. Light
activates the expression of genes in the Cercosporin Toxin Biosynthesis (CTB) gene cluster and
catalyzes conversion of cercosporin to an energetically active triplet state (Chen et al. 2007;
Choquer et al. 2005; Daub 1982; Shim and Dunkle 2002; Yamazaki et al. 1975). The activated
compound generates reactive oxygen species, including singlet oxygen (1O2) and superoxide
(O2−), which cause peroxidation of membrane lipids leading to electrolyte leakage and cell death
(Daub 1982; Daub and Briggs 1983; Daub and Hangarter 1983). Although important in
understanding how Cercospora species cause disease, the regulatory mechanisms underlying
cercosporin biosynthesis and detoxification are not well understood (Daub, Herrero, and Chung
2005).
Light is an essential environmental signal tied to conidiation and pathogenesis in C. zeaemaydis, in addition to its role in the regulation of cercosporin (Bluhm, Dhillon, et al. 2008;
Bluhm and Dunkle 2008; Kim et al. 2011a; Shim and Dunkle 2002). Light stimulates the
formation of conidiophores but represses conidiation in C. zeae-maydis (Beckman and Payne
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1983; Kim et al. 2011a). In constant darkness on the host, C. zeae-maydis is unable to effectively
locate stomata and fails to produce appressoria when stomata are randomly encountered (Kim et
al. 2011b). Crp1, a C. zeae-maydis protein orthologous to WHITE COLLAR-1 (WC-1) of
Neurospora crassa, regulates the production conidiation and pre-penetration infectious
development (Kim et al. 2011b). WC-1 of N. crassa is the primary photoreceptor and binds DNA
to regulate light-mediated transcriptional activity (Froehlich et al. 2002; Froehlich, Loros, and
Dunlap 2003). Disruption of Crp1 derepresses conidiation during growth in constant light and
causes a blind phenotype similar to that observed in constant darkness on the host (Kim et al.
2011b).
WC-1 of N. crassa is a central component of a circadian clock in addition to its role in the
regulation of light responses (Baker, Loros, and Dunlap 2012; Dasgupta et al. 2016; Froehlich et
al. 2002; Froehlich, Loros, and Dunlap 2003). Organisms from almost all branches of life rely on
an endogenous mechanism known as a circadian clock to anticipate day-night cycles (Dunlap
1999; Dunlap and Loros 2017; Hurley, Loros, and Dunlap 2016). Circadian clocks are minimally
comprised of input, a central oscillator, and output, which function together to drive biological
rhythms that help organisms adapt to diurnal changes in the environment (Baker, Loros, and
Dunlap 2012; Bruce and Pittendrigh 1957). In fungi, the central oscillator sustains biological
rhythms via a transcription-translation feedback loop (TTFL) composed of two parts: a positive
arm, which opens the TTFL by driving transcription of negative arm components, and a negative
arm, which, following translation, closes the TTFL by inhibiting the activity of the positive arm
(Dunlap 1999; Dunlap and Loros 2017; Hurley, Loros, and Dunlap 2016).
In N. crassa, light is a primary input for the circadian clock (Baker, Loros, and Dunlap 2012;
Dasgupta et al. 2016). Light-activated WC-1 interacts with WHITE COLLAR-2 (WC-2) to form
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the White Collar Complex (WCC) (Baker, Loros, and Dunlap 2012; Belden, Loros, and Dunlap
2007). The WCC functions as the positive arm of a central circadian oscillator by activating
expression of frequency (frq) and opening the TTFL (Froehlich et al. 2002; Froehlich, Loros, and
Dunlap 2003). Following frq translation, FRQ associates with the FRQ-interacting RNA helicase
(FRH), which function together in the FRQ-FRH complex (FCC) as the negative arm of the
central oscillator (Hurley, Loros, and Dunlap 2016). The FCC inhibits the activity of the WCC
and represses frq expression, thereby closing the TTFL (Hurley, Loros, and Dunlap 2016).
Despite significant understanding of the N. crassa circadian clock, very little is known regarding
circadian regulation in pathogenic fungi. Frq1, an ortholog of FRQ, was recently identified in C.
zeae-maydis. Frq1 is a component of a circadian clock in C. zeae-maydis and has an important
role in secondary metabolism, stress responses, and pathogenesis (Hirsch 2014) (Chapter 2).
Evidence suggests that Crp1-mediated light sensing coordinates pathogenesis through
transcriptional regulation of FRQ1. However, it is not yet clear if Frq1 is involved in
pathogenesis as a component of a circadian oscillator or through a clock-independent
mechanism.
In an effort to further dissect light regulation versus circadian regulation in C. zeae-maydis,
we identified and characterized the Defective in Binding DNA (DBD) region of Crp1. In N.
crassa, the DBD region of WC-1 is dispensable for light-induced frq expression but is required
for circadian oscillation of frq expression (Wang et al. 2014, 2016). When the DBD region is
mutated the fungus retains WC-1-dependent light response but loses the WC-1-dependent
circadian clock (Wang et al. 2016). The DBD region is comprised of eight basic amino acids
proximal to the Zinc Finger DNA-binding (ZnF) domain of WC-1 and assists in contextdependent DNA binding as well as physical interactions between the WCC and the FCC (Wang
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et al. 2016). This mutation provides a unique genetic tool to differentiate light regulation versus
circadian regulation in N. crassa. The purpose of this work is to decouple light regulation and
circadian regulation of conidiation, cercosporin production and resistance, and pathogenesis
through functional characterization of the Crp1 DBD region.

3.3. Materials and Methods
3.3.1. Strains and culture conditions
Strains used in this study are listed in Table 1. The C. zeae-maydis strain SCOH1-5 (Shim and
Dunkle 2002; Kim et al. 2011b) served as the wild type and parental strain in this study. All
strains generated in this study were subjected to two rounds of single-spore isolation. Strains
were stored as colonized agar or conidia suspension in 30% (v/v) glycerol at –80 °C. Working
cultures were maintained on V8 agar medium (Leslie and Summerell 2006) in the dark at room
temperature and transferred every 4 d to maintain a reproductive state. Conidia were harvested
from 4-day-old cultures in 10 ml of sterile distilled water with the aid of a cell spreader. Conidia
suspensions were filtered through two layers of sterile cheesecloth and quantified using a
hemacytometer. To induce cercosporin production, strains were cultured on 0.2× potato dextrose
agar gelzan (PDAG) medium (7.8 g Difco potato dextrose agar [BD Diagnostic Systems, Sparks,
MD, USA], 6 g Gelzan CM [Sigma-Aldrich, Saint Louis, MO, USA], and 0.75 g magnesium
chloride hexahydrate [Research Products International Corp., Mt. Prospect, IL, USA] per l).
To assess light or circadian regulation of gene expression, 100 μl of a conidia suspension (5
× 105 conidia per ml) was spread onto V8 agar medium or 0.2× PDAG medium overlaid with
cellophane (Research Products International Corp.) discs in 10 cm Petri dishes. To assess
circadian regulation, cultures were incubated in 12h:12h light:dark (LD) at 25 °C. After 48 h,
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cultures were shifted to constant darkness (DD) and collected every 4 h. Colonized cellophane
was collected under low red light and immediately frozen under liquid nitrogen until further
processing. A minimum of three biological replicates was assessed per strain. Experiments were
repeated with similar results.

3.3.2. Bioinfomatics and phylogenetic reconstruction
Sequence data was obtained through the Joint Genome Institute and the National Center for
Biotechnology Information (https://jgi.doe.gov and https://www.ncbi.nlm.nih.gov, respectively).
Accession numbers for protein sequences used in this study are listed in Table 2. Putative
orthologs were identified using reciprocal protein–protein BLAST (blastp) searches (Altschul et
al. 1997). Predicted functional domains were identified using Simple Modular Architecture
Research Tool (Version 8.0) (Letunic and Bork 2018) or global sequence alignment with
functionally characterized proteins. EMBOSS Needle was used for global sequence alignment
(https://www.ebi.ac.uk/Tools/psa/emboss_needle/) (Chojnacki et al. 2017). Muscle (Version
3.8.31) was used for multiple sequence alignment (Edgar 2004). Ambiguously aligned regions
were removed using Gblocks (Version 0.91b) prior to phylogenetic reconstruction (Castresana
2000; Talavera and Castresana 2007). Phylogeny was inferred using neighbor-joining methods
implemented in SeaView (Version 4.4.2) (Gouy, Guindon, and Gascuel 2010). ESPript (Version
3.0) was used to render sequence similarities (Robert and Gouet 2014).

3.3.3. Nucleic acid manipulations
Plasmid DNA was isolated by alkaline lysis (Sambrook and Russell 2001) or using a Zyppy
Plasmid Miniprep Kit (Zymo Research Corporation, Irvine, CA, USA). Fungal genomic DNA
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was isolated from cultures grown in yeast extract peptone dextrose (YEPD) liquid medium
(Flaherty et al. 2003) using a modified cetyltrimethylammonium bromide (CTAB) method
(Kerényi et al. 1999; Leslie and Summerell 2006). Mini-preparation of fungal genomic DNA for
PCR analyses was prepared as described (Liu, Yeh, and Shen 2011) with minor modifications
(described in Chapter 2). Primers were acquired from Integrated DNA Technologies (Coralville,
IA, USA) (Table 3).

3.3.4. Genetic manipulations
Generation of CRP1 deletion strains and complementation of a CRP1 deletion strain with the
wild-type CRP1 allele were previously described (Chapter 2). To generate the CRP1ΔDBD
cassette, part of the CRP1 open reading frame (bp 1-2,862) plus 2,156 bp upstream of the start
codon was amplified from C. zeae-maydis genomic DNA (strain SCOH1-5) using primer pair
RB303_F/RB303_R. A second part of the CRP1 open reading frame (bp 2887-3,535) was
amplified using primer pair RB301_F/RB302_R. A HAT-FLAG tandem affinity purification tag
was amplified from pCCG::C-Gly::HAT::FLAG (Honda and Selker 2009) using primer pair
RB300_F/RB300_R. The PCR products were cloned into the EcoRV restriction enzyme site of
pKS-GEN (Bluhm, Kim, et al. 2008) using Gibson assembly (Gibson et al. 2009) to generate
pBR301. pBR301 was transformed into strain Δcrp1-14 (described in Chapter 2) via protoplast
mediated transformation. Generation and transformation of fungal protoplasts were preformed as
previously described (Shim and Dunkle 2003). Transformants resistant to G-418 (150 µg/ml)
(Research Products International Corp.) were screened by PCR for integration of the CRP1ΔDBD
cassette using primer pair CZM110684_PF/ CZM110684_PR.
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3.3.5. Conidia production and germination
To assess conidia production, 100 μl of a conidia suspension (5 × 105 conidia per ml sterile
water) was spread onto V8 agar medium in 6 cm Petri dishes. Cultures were incubated in
constant light (LL), LD, or DD at 25 °C. After 4 d, conidia were harvested in 2 ml of sterile
distilled water with the aid of a cell spreader. Number of conidia was estimated using a
hemacytometer. A minimum of three biological replicates was assessed per strain per treatment.
The mean of two measurements per biological replicate was determined. Results are presented as
the mean number of conidia produced per area (cm2) across biological replicates plus or minus
the standard deviation of the mean. Experiments were repeated with similar results. Conidial
germination was assessed as described (Thorson and Martinson 1993) with modifications.
Squares (1.5 cm × 1.5 cm) were cut from Westran S polyvinylidine fluoride membrane (pore size
= 0.2 μm; GE Healthcare Life Sciences, Pittsburgh, PA, USA). Membranes were placed on two
sterile filter paper discs (diameter = 9 cm) wetted with 3 ml of sterile distilled water in a 10-cm
glass Petri dish. Two hundred and fifty μl of a conidia suspension (3 × 103 conidia per ml) was
inoculated onto each membrane. Petri dishes were sealed with parafilm and incubated at 25 °C in
constant darkness. To assess germination, membranes were removed after 6 h and excess water
was removed. Membranes were floated on an aniline blue solution (0.325 g aniline blue, 50 ml
lactic acid, and 100 ml sterile distilled water) for 2 min to stain germlings. Membranes were
destained in sterile distilled water for 2 min and examined under a microscope. Four biological
replicates (i.e., membranes) were assessed per strain, and twenty conidia per replicate were
examined for germination. Results are presented as the mean percentage of germinated conidia
across the four biological replicates plus or minus the standard deviation of the mean.
Experiments were repeated with similar results.
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3.3.6. Pathogenicity
Infection and lesion formation were evaluated as described (Bluhm and Dunkle 2008) with
minor modifications. Briefly, maize variety silver queen (Urban Farmer, Westfield, IN, USA)
was grown in a growth chamber (Controlled Environments Ltd., Winnipeg, Canada) under LD
(i.e., 12 h:12 h light:dark) at 24 °C. Four weeks after planting, a conidia suspension (4 × 105
conidia per ml 0.01% tween-20 [v/v]) was spray-inoculated onto the two youngest fully
expanded leaves per plant using an airbrush (Model H, Paasche Air Brush, Kenosha, WI, USA).
Plants were air dried for 30-60 min and covered with transparent plastic to maintain high relative
humidity (> 90%) without impeding light transmission. Plants were maintained in a growth
chamber under LD at 24 °C. Transparent plastic was removed after 4 d. Lesion development and
disease progression was visually assessed and documented by photography at 7, 14, and 21 days
after inoculation (dai).

3.3.7. Reverse Transcriptase-quantitative PCR (RT-qPCR) analysis of gene expression
All samples used for RNA isolation were ground under liquid nitrogen. Total RNA was isolated
using Ribozol reagent (Amresco, Solon, OH, USA) following the manufacturer’s
recommendations. One μg total RNA was treated with DNase I (Promega Corp., Madison, WI,
USA) following the manufacturer’s recommendations. First-strand cDNA synthesis was
performed using Oligo (dT)15 (Integrated DNA Technologies) and M-MuLV Reverse
Transcriptase (Lucigen Corp., Middleton, WI, USA) following the manufacturer’s
recommendations. RT-qPCR was performed as described by (Ridenour and Bluhm 2014) in a
StepOnePlus Real-Time PCR System (Applied Biosystems, Grand Island, NY, USA). Reaction
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and cycling conditions were as described (Bluhm, Kim, et al. 2008). Three technical replicates
were analyzed per biological replicate. Experiments were repeated with similar results.

3.3.8. Cercosporin accumulation
Cercosporin accumulation was assessed as described (Jenns and Daub 1995) with minor
modifications. Briefly, 200 μl of a conidia suspension (4 × 105 conidia per ml) was spread onto
0.2× PDAG medium in 10 cm Petri dishes. Cultures were incubated in LL, LD, or DD at 25 °C.
Three biological replicates were assessed per strain per light condition. Cercosporin
accumulation was visually assessed and documented by photography at 4, 8, and 12 dai.
Experiments were repeated twice with similar results.

3.3.9. Cercosporin resistance
To assay cercosporin resistance, 20 μl of a conidia suspension (5 × 105, 5 × 104, 5 × 103, or 5 ×
102 conidia per ml) were spotted onto 0.2× PDAG medium supplemented with 10 mM
ammonium nitrate and cercosporin (CR; 1 μM or 10 μM) (Sigma-Aldrich) or an equal volume of
solvent control (methanol) in 10 cm Petri dishes. The addition of nitrogen suppresses the
production of endogenous cercosporin (Bluhm, Dhillon, et al. 2008). Cultures were incubated in
LL or LD at 25 °C for 3 days. Fungal growth was visually assessed 3, 4, and 5 dai and
documented 3 dai. Experiments were repeated with similar results.

3.3.10. Statistical analyses
Statistical differences were calculated using the JMP software package (Version Pro 11.0.0)
(SAS Institute, Inc., Cary, NC, USA). Statistical differences between two independent groups
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were determined using Student’s t-test. Statistical differences between three or more independent
groups were determined using one-way ANOVA followed by Tukey's honestly significant
difference (HSD) post hoc test. Asterisks (* or **) indicate statistically significant differences (p
< 0.05 or p <0.01, respectively) determined by Student’s t-test. Results determined using oneway ANOVA are presented as p-values where relevant. Different letters indicate statistically
significant differences (p < 0.05) determined by Tukey’s HSD test.

3.4. Results
3.4.1. The Defective in Binding DNA (DBD) region is conserved between WC-1 and Crp1
The Defective in Binding DNA (DBD) region is comprised of eight basic amino acids proximal
to the Zinc Finger DNA-binding (ZnF) domain of WC-1 (Wang et al. 2016). The DBD region of
WC-1 is dispensable for light-induced expression of frq but is required for circadian expression
of frq (Wang et al. 2016). Global alignment of WC-1 and Crp1 demonstrated high conservation
between the two proteins (sequence identity = 35.8%, sequence similarity = 48.0%) and similar
domain architecture (Figure 1A). Further comparison of WC-1 and Crp1 revealed complete
conservation of the DBD region (sequence identity = 100%, sequence similarity = 100%) and
high conservation of the ZnF domain (sequence identity = 74.1%, sequence similarity = 77.6%).
The DBD region of Crp1 was previously predicted to be a nuclear localization signal based on
sequence comparisons, proposed function in N. crassa, and in silico analyses (Kim et al. 2011b).
Comparison of putative WC-1 orthologs from the Pezizomycotina (Figure 1B, Table 2)
demonstrated high conservation of the DBD region and the ZnF domain (Figure 1C). The only
divergence within the DBD region was an arginine substituted for the first lysine of the eight
amino acid core in BcWCL1 (Canessa et al. 2013) of Botrytis cinerea (class: Leotiomycetes)
(Figure 1C), although both lysine and arginine are basic charged amino acids. Broader
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comparison of the DBD region of putative WC-1 orthologs from the Pezizomycotina revealed
another lysine to arginine transition at the first lysine in Podospora anserina (class:
Sordariomycetes) (Figure 2, Table 2).

3.4.2. The DBD region of Crp1 is required for circadian expression of FRQ1
In N. crassa, the DBD region of WC-1 is dispensable for light-induced expression of frq but is
required for circadian expression of frq (Wang et al. 2016). In N. crassa, mutation of the 8 amino
acid core (amino acids 918-925; KKKRKRRK) to alanines (AAAAAAAA) resulted in an
arrhythmic conidiation, demonstrating the importance of the DBD region in the circadian
expression of frq (Wang et al. 2016). The DBD region is conserved between WC-1 and Crp1
(Figure 1). Strains carrying a CRP1ΔDBD allele were constructed and assessed for FRQ1 under
free-running conditions (i.e., constant darkness) to determine if the DBD region of Crp1 is
required for circadian expression of FRQ1. To generate the CRP1ΔDBD allele, the eight core
amino acids (amino acids 955-962; KKKRKRRK) of the Crp1 DBD region were mutated to
alanine (AAAAAAAA). The CRP1ΔDBD allele was then expressed in a CRP1 deletion strain
(Δcrp1-14) (Chapter 2). Two strains in which CRP1 deletion was complemented with the
CRP1ΔDBD allele (Δcrp1-14/CRP1ΔDBD-7 and Δcrp1-14/CRP1ΔDBD-8) were chosen for functional
characterization.
To assess FRQ1 expression under free-running conditions, the wild type and Δcrp114/CRP1ΔDBD-7 were grown on 0.2× PDAG medium under LD at 25 °C for 48 h then shifted to
free-running conditions (i.e., DD at 25 °C). Expression of FRQ1 was monitored every four hours
over the course of one circadian cycle (24 h). Under these conditions, expression of FRQ1 in the
wild type showed a peak in expression at 16 h (Figure 3A). However, expression of FRQ1 did
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not change in the CRP1 deletion strain complemented with the CRP1ΔDBD allele over the course
of one circadian cycle (Figure 3B). This data indicates that in addition to the amino acid
conservation of the DBD region of WC-1 and Crp1 the circadian regulatory function is also
conserved.

3.4.3. The DBD region of Crp1 is dispensable for asexual development and conidial
germination
Cercospora zeae-maydis survives intercrop periods in infested residue on or near the soil surface
(de Nazareno, Lipps, and Madden 1993; Payne, Duncan, and Adkins 1987; Payne and Waldron
1983; Ward et al. 1999). Following periods of high humidity in early spring, conidia emerge
from infested residue and are spread to young maize plants by wind (Rupe, Siegel, and Hartman
1982). To determine if the DBD region of Crp1 is involved in the early stages of the C. zeaemaydis disease cycle, the wild type, a CRP1 deletion strain, and two strains in which CRP1
deletion was complemented with the CRP1ΔDBD allele were assessed for conidia production and
germination. Under repressive conditions (i.e., V8 agar medium in constant light at 25 °C) the
wild type produces a relatively small number of conidia at 96 h (Figure 4A). The CRP1 deletion
strain produced conidia in abundance under repressive conditions as previously reported for
CRP1 disruption (Kim et al. 2011b). Complementation of a CRP1 deletion strain with the wildtype CRP1 allele (Chapter 2) or the CRP1ΔDBD allele restored repression of conidia production in
constant light (Figure 4A). When the wild type was grown under conditions permissive for
conidiation (i.e., V8 agar medium in constant darkness at 25 °C), conidia were produced in
abundance at 96 h (Figure 4B). The CRP1 deletion strain produced conidia under permissive
conditions as previously reported for CRP1 disruption (Kim et al. 2011b), although the number
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of conidia produced by the CRP1 deletion was reduced compared to wild type (Figure 4B).
Complementation of a CRP1 deletion strain with the wild-type CRP1 allele (Chapter 2) or the
CRP1ΔDBD allele restored the wild-type levels of conidiation under permissive conditions (Figure
4B). Deletion of CRP1 or mutation of the DBD region did not impact the germination of conidia
(data not shown).

3.4.4. The DBD region of Crp1 is dispensable for foliar infection
Infection by C. zeae-maydis begins after conidia germinate on the leaf surface and the emerging
germ tubes locate stomata and form appressoria (Kim et al. 2011a). Following the penetration of
stomata, C. zeae-maydis undergoes a latent period, in which the pathogen colonizes the host
asymptomatically, prior to switching to a necrotrophic phase. Distinctive rectangular lesions
delineated by leaf veins are formed during the necrotrophic phase. Previous work demonstrated
that Crp1 is required for foliar infection and lesion development (Kim et al. 2011b) (Chapter 2).
To determine if the DBD region of Crp1 is required for foliar infection, maize plants were
inoculated with the wild type, CRP1 deletion strains, a CRP1 deletion strain complemented with
the wild type CRP1 allele, or two strains in which CRP1 deletion was complemented with the
CRP1ΔDBD allele. Lesions initially became apparent on plants inoculated with the wild type 5-7
days after inoculation (dai) (data not shown) and mature lesions developed 14 dai (Figure 5A-B).
Lesions were not observed on plants inoculated with CRP1 deletion strains up to 21 dai (Figure
5A; data not shown), similar to what has been previously described for plants inoculated with a
CRP1 disruption strain (Kim et al. 2011b). Complementation of a CRP1 deletion strain with the
wild-type CRP1 allele restored foliar infection and lesion development (Figure 5B-C) as
previously demonstrated (Chapter 2). Interestingly, complementation of a CRP1 deletion strain
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with the CRP1ΔDBD allele also restored foliar infection and lesion development (Figure 5C)
demonstrating that the DBD region of Crp1 is dispensable for pathogenesis under the conditions
tested.

3.4.5. The DBD region of Crp1 is required for appropriate regulation of cercosporin
biosynthesis and resistance
Cercospora zeae-maydis produces the phytotoxic secondary metabolite cercosporin (Daub and
Ehrenshaft 2000; Daub, Herrero, and Chung 2005). Cercosporin is a polyketide-derived,
photosensitizing perylenequinone and non-host-specific toxin essential for virulence in some
Cercospora species (Choquer et al. 2005; Daub, Herrero, and Chung 2005). To determine if the
DBD region of Crp1 is involved in the regulation of cercosporin, the wild type, CRP1 deletion
strains, a CRP1 deletion strain complemented with the wild type CRP1 allele, and two strains in
which CRP1 deletion was complemented with the CRP1ΔDBD allele were assessed for
cercosporin accumulation. When the wild type was grown under permissive conditions (i.e., 0.2×
PDAG medium in constant light or 12 h:12 h light:dark or constant light at 25 °C), cercosporin
accumulated as a visible reddish pigment in the culture medium as early as 72 h. Deletion of
CRP1 caused a delay in cercosporin accumulation in constant light as previously reported for
CRP1 disruption (Figure 6A) (Kim et al. 2011b). Complementation of a CRP1 deletion strain
with the wild-type CRP1 allele restored the wild-type phenotype (Figure 6A). Complementation
of a CRP1 deletion strain with the CRP1ΔDBD allele did not restore the wild-type phenotype
(Figure 6A). When the wild type was grown under repressive conditions (i.e., 0.2× PDAG
medium in constant darkness at 25 °C), very little cercosporin accumulated (Figure 6B). Deletion
of CRP1 derepressed cercosporin accumulation in constant darkness as previously reported for
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CRP1 disruption (Figure 6B) (Kim et al. 2011b) Complementation of a CRP1 deletion strain
with the wild-type CRP1 allele restored cercosporin repression in constant darkness (Figure 6B).
Complementation of a CRP1 deletion strain with the CRP1ΔDBD allele did not restore cercosporin
repression in constant darkness (Figure 6B).
Cercosporin has broad-spectrum toxicity (Daub, Herrero, and Chung 2005). Following light
absorption, cercosporin generates reactive oxygen species, including singlet oxygen (1O2) and
superoxide (O2−), which cause peroxidation of membrane lipids leading to electrolyte leakage
and cell death (Daub, Herrero, and Chung 2005). Cercospora species are resistant to cercosporin
(Daub 1987). To determine if the DBD region of Crp1 is involved in cercosporin resistance, the
wild type, two CRP1 deletion strains, and a CRP1 deletion strain expressing the CRP1ΔDBD allele
were assessed for growth in the presence of exogenous cercosporin. Notably, growth medium
was supplement with nitrogen to suppresses endogenous cercosporin production (Bluhm,
Dhillon, et al. 2008). All strains grew equally well on control plates (Figure 7). When strains
were grown under 12 h:12 h light:dark in the presence of 1 μm cercosporin, the wild type, CRP1
deletion strains, and the CRP1 deletion strain expressing the CRP1ΔDBD allele showed growth
comparable to control conditions (Figure 7). When strains were grown under 12 h:12 h light:dark
in the presence of 10 μm cercosporin, the CRP1 deletion strains showed a reduction in growth
compared to the wild type (Figure 7) similar to what was previously observed (Chapter 2). The
CRP1 deletion strain expressing the CRP1ΔDBD allele did not restore the wild-type phenotype
(Figure 7). When strains were grown under constant light in the presence of 10 μm cercosporin,
the CRP1 deletion strains showed growth comparable to the wild type (Figure 7) similar to what
was previously observed (Chapter 2). However, the CRP1 deletion strain expressing the
CRP1ΔDBD allele appeared to only partially restore the wild-type phenotype (Figure 7). This
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indicates that the DBD region is required for cercosporin resistance during growth under diurnal
light:dark cycles but may also influence cercosporin resistance during growth in constant light, a
process for which Crp1 is dispensable. Additional experiments will be required to determine if
the DBD region is dispensable or positively contributes to cercosporin resistance in constant
light.

3.5. Discussion
Light is an essential environmental signal tied to pathogenesis in C. zeae-maydis (Bluhm,
Dhillon, et al. 2008; Kim et al. 2011a). CRP1 of C. zeae-maydis encodes a photoreceptor and
transcriptional regulator that regulates light responses, including pathogenesis. The Crp1
ortholog in N. crassa, WC-1, is a principle component of the positive arm of the circadian clock
required for the circadian regulation of the negative arm component, frq, in addition to regulating
light responses (Froehlich et al. 2002; Froehlich, Loros, and Dunlap 2003). FRQ1, which
putatively encodes an ortholog of the frq gene product, was recently identified in C. zeae-maydis
and shown to be required for pathogenesis (Hirsch 2014) (Chapter 2). FRQ1 is transcriptionally
regulated by Crp1 and shows circadian oscillation in expression in the absence of external
stimulus (Chapter 2). However, it is not clear if Crp1 and Frq1 drive pathogenesis through a
circadian clock or if a Crp1-mediated light response drives pathogenesis and Frq1 plays a novel,
clock-independent role. The Defective in Binding DNA (DBD) region of WC-1 is dispensable
for light-induced frq expression but is required for circadian oscillation of frq expression (Wang
et al. 2014, 2016). When the DBD region is mutated, N. crassas maintains WC-1-dependent
light regulation but circadian regulation is abolished (Wang et al. 2016). In this study, it was
found that the DBD region is completely conserved between WC-1 and Crp1. Functional
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characterization revealed that the Crp1 DBD region of has a conserved role in the fungal
circadian clock, as mutation of the DBD region abolished circadian oscillation of frq expression.
Although the DBD region was required for circadian regulation, it was found that the DBD
region was dispensable for pathogenesis. This indicates that light regulation not circadian
regulation primarily drives pathogenesis. It is possible, however, that the pathogenesis assay
used in this study bypasses circadian regulation of the process. Pathogenesis was assessed
following incubation in 12 h:12 h light:dark, which might bypass a potential regulatory role of
the circadian clock in pathogenesis. Future characterization of Crp1, the Crp1 DBD region, Crp2,
and Frq1 will help determine the extent to which the C. zeae-maydis circadian clock is involved
in pathogenesis.
The molecular regulation of cercosporin biosynthesis is becoming increasingly well
understood, but significant gaps remain. Cercospora zeae-maydis, like many Cercospora
species, produces the phytotoxic secondary metabolite cercosporin (Daub and Ehrenshaft 2000;
Daub, Herrero, and Chung 2005). Cercosporin is a polyketide-derived perylenequinone and a
non-host-specific toxin in at least some Cercospora species (Choquer et al. 2005; Daub, Herrero,
and Chung 2005). Light activates the expression of genes in involved in the biosynthesis of
cercosporin and catalyzes the activation of cercosporin, which generates reactive oxygen species,
such as singlet oxygen (1O2) and superoxide (O2−) (Chen et al. 2007; Choquer et al. 2005; Daub
1982; Daub and Hangarter 1983; Shim and Dunkle 2002). Although the regulatory mechanisms
underlying cercosporin biosynthesis and detoxification are tied to how Cercospora species cause
disease, these processes are not well understood (Daub, Herrero, and Chung 2005). In C. zeaemaydis, cercosporin production is induced in light and repressed in darkness when fungus is
cultured on growth medium favorable to conidiation (Beckman and Payne 1983; Bluhm, Dhillon,
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et al. 2008; Kim et al. 2011b; Shim and Dunkle 2002). Crp1 mediates the regulatory role of light
in regulating cercosporin biosynthesis (Kim et al. 2011b). Cercosporin biosynthesis is
derepressed in Crp1-deficient strains in the dark (Kim et al. 2011b). In this study, the DBD
region was found to be required for Crp1-mediated regulation of cercosporin biosynthesis and
resistance, which indicates that light may regulate cercosporin biosynthesis, at least in part,
through the circadian clock. Together with the finding that the circadian clock component, Frq1,
is required for cercosporin biosynthesis and resistance (Chapter 2), this provides evidence that
light regulation and circadian regulation have a role in secondary metabolism in C. zeae-maydis
but environmentally influenced mechanisms for compensatory regulation exist. A more thorough
understanding of how cercosporin biosynthesis and resistance is regulated under different
environmental conditions through time will help elucidate the extent to which the C. zeae-maydis
circadian clock influences secondary metabolism.
Although light has an important role in conidiation in C. zeae-maydis, it is not clear if light
regulates conidiation directly or if light regulates conidiation through the circadian clock.
Cercospora zeae-maydis survives intercrop periods in infested maize residue (de Nazareno,
Lipps, and Madden 1993; Payne, Duncan, and Adkins 1987; Payne and Waldron 1983; Ward et
al. 1999). Conidia produced on infested maize residue are the mode of initial infection by C.
zeae-maydis (Rupe, Siegel, and Hartman 1982) and, as such, are a critical component of the
pathogen’s disease cycle. Conidiation is repressed in light and induced in darkness when C. zeaemaydis is cultured on growth medium favorable to conidiation (Beckman and Payne 1983; Kim
et al. 2011b). Crp1 mediates the regulatory role of light in conidiation, as Crp1-deficient strains
produce conidia in the presence of light (Kim et al. 2011b). Here, we found that the DBD region
is dispensable for Crp1-mediated regulation of conidiation, which indicates light and not the
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circadian clock regulate conidiation. Alternatively, it is possible that the assay used to assess
conidiation in this study bypasses circadian regulation of the process. Cercospora zeae-maydis
can undergo microcycle conidiation (Lapaire and Dunkle 2003). During microcycle conidiation,
conidia produce one or more conidiophores shortly after germination, which gives rise to conidia
without intervening vegetative growth (Lapaire and Dunkle 2003). The assay used to assess
conidiation in this study induces a similar mode of conidiation, which might bypass a potential
regulatory role of the circadian clock in conidiation. Future characterization of Crp1 and the
DBD region in the process will help determine the extent, if any, the circadian clock plays in
conidiation in C. zeae-maydis.
Taken together, this study provides the first functional characterization of the Defective in
Binding DNA (DBD) region in WC-1-like proteins outside the model fungus, N. crassa, and the
first functional dissection of the Crp1 protein. We demonstrate that the DBD region of Crp1 has
a conserved role in regulating circadian expression of FRQ1 and propose that it is similarly
dispensable for light-induced FRQ1 expression as demonstrated in N. crassa (Wang et al. 2016).
Mutation of the DBD region, thus, provides a unique genetic tool to differentiate light regulation
versus circadian regulation in C. zeae-maydis and potentially other fungal pathogens based on
high conservation in the Pezizomycotina. We additionally demonstrate that, although Crp1 is
critical for pathogenesis in C. zeae-maydis, the DBD region is not required for Crp1 to function
in this capacity, which suggests that during pathogenesis the Crp1 ZnF domain and/or the Crp2
ZnF domain are sufficient to mediate DNA binding and transcriptional regulation. In summary,
the identification and characterization of the DBD region of Crp1 provides novel genetic
resources to dissect the role of light in pathogenesis, conidiation, and secondary metabolism in
C. zeae-maydis and other Cercospora species.

118

3.6. References
Altschul, S. F., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z., Miller, W., et al. 1997.
Gapped BLAST and PSI-BLAST: A new generation of protein database search programs.
Nucleic Acids Res. 25:3389–3402.
Baker, C. L., Loros, J. J., and Dunlap, J. C. 2012. The circadian clock of Neurospora crassa.
FEMS Microbiol. Rev. 36:95–110.
Beckman, P. M., and Payne, G. A. 1983. Cultural techniques and conditions influencing growth
and sporulation of Cercospora zeae-maydis and lesion development in corn. Phytopathology.
73:286–289.
Beckman, P. M., and Payne, G. A. 1982. External growth, penetration, and development of
Cercospora zeae-maydis in corn leaves. Phytopathology. 72:810–815.
Belden, W. J., Loros, J. J., and Dunlap, J. C. 2007. Execution of the circadian negative feedback
loop in Neurospora requires the ATP-dependent chromatin-remodeling enzyme
CLOCKSWITCH. Mol. Cell. 25:587–600.
Bluhm, B. H., Dhillon, B., Lindquist, E. A., Kema, G. H., Goodwin, S. B., and Dunkle, L. D.
2008. Analyses of expressed sequence tags from the maize foliar pathogen Cercospora zeaemaydis identify novel genes expressed during vegetative, infectious, and reproductive growth.
BMC Genomics. 9:523.
Bluhm, B. H., and Dunkle, L. D. 2008. PHL1 of Cercospora zeae-maydis encodes a member of
the photolyase/cryptochrome family involved in UV protection and fungal development. Fungal
Genet. Biol. 45:1364–1372.
Bluhm, B. H., Kim, H., Butchko, R. A. E., and Woloshuk, C. P. 2008. Involvement of ZFR1 of
Fusarium verticillioides in kernel colonization and the regulation of FST1, a putative sugar
transporter gene required for fumonisin biosynthesis on maize kernels. Mol. Plant Pathol. 9:203–
211.
Bruce, V. G., and Pittendrigh, C. S. 1957. Endogenous rhythms in insects and microorganisms.
Am. Nat. 91:179–195.
Canessa, P., Schumacher, J., Hevia, M. A., Tudzynski, P., and Larrondo, L. F. 2013. Assessing
the effects of light on differentiation and virulence of the plant pathogen Botrytis cinerea:
Characterization of the White Collar Complex. PLOS ONE. 8:e84223.
Castresana, J. 2000. Selection of conserved blocks from multiple alignments for their use in
phylogenetic analysis. Mol. Biol. Evol. 17:540–552.
Chen, H., Lee, M.-H., Daub, M. E., and Chung, K.-R. 2007. Molecular analysis of the
cercosporin biosynthetic gene cluster in Cercospora nicotianae. Mol. Microbiol. 64:755–770.

119

Chojnacki, S., Cowley, A., Lee, J., Foix, A., and Lopez, R. 2017. Programmatic access to
bioinformatics tools from EMBL-EBI update: 2017. Nucleic Acids Res. 45:W550–W553.
Choquer, M., Dekkers, K. L., Chen, H.-Q., Cao, L., Ueng, P. P., Daub, M. E., et al. 2005. The
CTB1 gene encoding a fungal polyketide synthase is required for cercosporin biosynthesis and
fungal virulence of Cercospora nicotianae. Mol. Plant. Microbe Interact. 18:468–476.
Dasgupta, A., Fuller, K. K., Dunlap, J. C., and Loros, J. J. 2016. Seeing the world differently:
variability in the photosensory mechanisms of two model fungi. Environ. Microbiol. 18:5–20.
Daub, M. E. 1982. Peroxidation of tobacco membrane lipids by the photosensitizing toxin,
cercosporin. Plant Physiol. 69:1361–1364.
Daub, M. E. 1987. Resistance of fungi to the photosensitizing toxin, cercosporin.
Phytopathology. 77:1515–1520.
Daub, M. E., and Briggs, S. P. 1983. Changes in tobacco cell membrane composition and
structure caused by cercosporin. Plant Physiol. 71:763–766.
Daub, M. E., and Ehrenshaft, M. 2000. The photoactivated Cercospora toxin cercosporin:
Contributions to plant disease and fundamental biology. Annu. Rev. Phytopathol. 38:461–490.
Daub, M. E., and Hangarter, R. P. 1983. Light-induced production of singlet oxygen and
superoxide by the fungal toxin, cercosporin. Plant Physiol. 73:855–857.
Daub, M. E., Herrero, S., and Chung, K.-R. 2005. Photoactivated perylenequinone toxins in
fungal pathogenesis of plants. FEMS Microbiol. Lett. 252:197–206.
Dunlap, J. C. 1999. Molecular bases for circadian clocks. Cell. 96:271–290.
Dunlap, J. C., and Loros, J. J. 2017. Making time: conservation of biological clocks from fungi
to animals. Microbiol. Spectr. 5
Edgar, R. C. 2004. MUSCLE: Multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res. 32:1792–1797.
Flaherty, J. E., Pirttilä, A. M., Bluhm, B. H., and Woloshuk, C. P. 2003. PAC1, a pH-regulatory
gene from Fusarium verticillioides. Appl. Environ. Microbiol. 69:5222–5227.
Froehlich, A. C., Liu, Y., Loros, J. J., and Dunlap, J. C. 2002. White Collar-1, a circadian blue
light photoreceptor, binding to the frequency promoter. Science. 297:815–819.
Froehlich, A. C., Loros, J. J., and Dunlap, J. C. 2003. Rhythmic binding of a WHITE COLLARcontaining complex to the frequency promoter is inhibited by FREQUENCY. Proc. Natl. Acad.
Sci. 100:5914–5919.

120

Gibson, D. G., Young, L., Chuang, R.-Y., Venter, J. C., Hutchison Iii, C. A., and Smith, H. O.
2009. Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat. Methods.
6:343–345.
Gouy, M., Guindon, S., and Gascuel, O. 2010. SeaView Version 4: A multiplatform graphical
user interface for sequence alignment and phylogenetic tree building. Mol. Biol. Evol. 27:221–
224.
Honda, S., and Selker, E. U. 2009. Tools for fungal proteomics: Multifunctional Neurospora
vectors for gene replacement, protein expression and protein purification. Genetics. 182:11–23.
Hurley, J. M., Loros, J. J., and Dunlap, J. C. 2016. Circadian oscillators: Around the
transcription–translation feedback loop and on to output. Trends Biochem. Sci. 41:834–846.
Jenns, A. E., and Daub, M. E. 1995. Characterization of mutants of Cercospora nicotianae
sensitive to the toxin cercosporin. Phytopathology. 85:906–912.
Kerényi, Z., Zeller, K., Hornok, L., and Leslie, J. F. 1999. Molecular standardization of mating
type terminology in the Gibberella fujikuroi species complex. Appl. Environ. Microbiol.
65:4071–4076.
Kim, H., Ridenour, J. B., Dunkle, L. D., and Bluhm, B. H. 2011a. Regulation of pathogenesis by
light in Cercospora zeae-maydis: An updated perspective. Plant Pathol. J. 27:103–109.
Kim, H., Ridenour, J. B., Dunkle, L. D., and Bluhm, B. H. 2011b. Regulation of stomatal
tropism and infection by light in Cercospora zeae-maydis: Evidence for coordinated
host/pathogen responses to photoperiod? PLOS Pathog. 7:e1002113.
Lapaire, C. L., and Dunkle, L. D. 2003. Microcycle conidiation in Cercospora zeae-maydis.
Phytopathology. 93:193–199.
Latterell, F. M., and Rossi, A. E. 1983. Gray leaf spot of corn: a disease on the move. Plant Dis.
67:842–847.
Lennon, J. R., Krakowsky, M., Goodman, M., Flint-Garcia, S., and Balint-Kurti, P. J. 2016.
Identification of alleles conferring resistance to gray leaf spot in maize derived from its wild
progenitor species teosinte. Crop Sci. 56:209.
Leslie, J. F., and Summerell, B. A. 2006. The Fusarium laboratory manual. Ames, IA: Blackwell
Pub.
Letunic, I., and Bork, P. 2018. 20 years of the SMART protein domain annotation resource.
Nucleic Acids Res. 46:D493–D496.
Liu, K.-H., Yeh, Y.-L., and Shen, W.-C. 2011. Fast preparation of fungal DNA for PCR
screening. J. Microbiol. Methods. 85:170–172.

121

de Nazareno, N. R. X., Lipps, P. E., and Madden, L. V. 1993. Effect of levels of corn residue on
the epidemiology of gray leaf spot of corn in Ohio. Plant Dis. 77:67–70.
Ngoko, Z., Cardwell, K. F., Marasas, W. F. O., Wingﬁeld, M. J., Ndemah, R., and Schulthess, F.
2002. Biological and physical constraints on maize production in the Humid Forest and Western
Highlands of Cameroon. 108:893–902.
Payne, G. A., Duncan, H. E., and Adkins, C. R. 1987. Influence of tillage on development of
gray leaf spot and number of airborne conidia of Cercospora zeae-maydis. Plant Dis. 71:329–
332.
Payne, G. A., and Waldron, J. K. 1983. Overwintering and spore release of Cercospora zeaemaydis in corn debris in North Carolina. Plant Dis. 67:87–89.
Ridenour, J. B., and Bluhm, B. H. 2014. The HAP Complex in Fusarium verticillioides is a key
regulator of growth, morphogenesis, secondary metabolism, and pathogenesis. Fungal Genet.
Biol. 69:52–64.
Robert, X., and Gouet, P. 2014. Deciphering key features in protein structures with the new
ENDscript server. Nucleic Acids Res. 42:W320-324.
Rupe, J. C., Siegel, M. R., and Hartman, J. R. 1982. Influence of environment and plant maturity
on gray leaf spot of corn caused by Cercospora zeae-maydis. Phytopathology. 72:1587–1591.
Sambrook, J., and Russell, D. 2001. Molecular Cloning: A Laboratory Manual. 3rd ed. Cold
Spring Harbor, NY: Cold Spring Harbor Laboratory Press.
Shim, W.-B., and Dunkle, L. D. 2003. CZK3, a MAP kinase kinase kinase homolog in
Cercospora zeae-maydis, regulates cercosporin biosynthesis, fungal development, and
pathogenesis. Mol. Plant. Microbe Interact. 16:760–768.
Shim, W.-B., and Dunkle, L. D. 2002. Identification of genes expressed during cercosporin
biosynthesis in Cercospora zeae-maydis. Physiol. Mol. Plant Pathol. 61:237–248.
Talavera, G., and Castresana, J. 2007. Improvement of phylogenies after removing divergent and
ambiguously aligned blocks from protein sequence alignments. Syst. Biol. 56:564–577.
Thorson, P. R., and Martinson, C. A. 1993. Development and survival of Cercospora zeaemaydis germlings in different relative-humidity environments. Phytopathology. 83:153–157.
Wang, B., Kettenbach, A. N., Gerber, S. A., Loros, J. J., and Dunlap, J. C. 2014. Neurospora
WC-1 recruits SWI/SNF to remodel frequency and initiate a circadian cycle. PLOS Genet.
10:e1004599.
Wang, B., Zhou, X., Loros, J. J., and Dunlap, J. C. 2016. Alternative use of DNA binding
domains by the Neurospora White Collar Complex dictates circadian regulation and light
responses. Mol. Cell. Biol. 36:781–793.

122

Ward, J. M. J., Stromberg, E. L., Nowell, D. C., and Nutter, F. W. 1999. Gray leaf spot: A
disease of global importance in maize production. Plant Dis. 83:884–895.
Yamazaki, S., Okubo, A., Akiyama, Y., and Fuwa, K. 1975. Cercosporin, a novel photodynamic
pigment isolated from Cercospora kikuchii. Agric. Biol. Chem. 39:287–288.

123

3.7. Tables and Figures
Table 3.1. Strains used in this study.
Strain
SCOH1-5
Δcrp1-12
Δcrp1-14
Δcrp1-14/CRP1
Δcrp1-14/CRP1ΔDBD-7
Δcrp1-14/CRP1ΔDBD-8

Genotype
Wild type
Δcrp1::hph
Δcrp1::hph
Δcrp1::hph,CRP1::neo
Δcrp1::hph,CRP1ΔDBD::neo
Δcrp1::hph,CRP1ΔDBD::neo
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Reference
Shim and Dunkle, 2002
Described in Chapter 2
Described in Chapter 2
Described in Chapter 2
This study
This study

Table 3.2. WHITE COLLAR-1 orthologs and protein accessions used in this study.
Class
Species
Dothideomycetes Cercospora zeae-maydis
Cladosporium fulvum
Cochliobolus heterostrophus
Cochliobolus lunatus
Dothistroma septosporum
Leptosphaeria maculans
Macrophomina phaseolina
Parastagonospora nodorum
Pyrenophora tritici-repentis
Zymoseptoria tritici
Leotiomycetes
Botrytis cinerea
Sclerotinia sclerotiorum
Pezizomycetes
Pyronema confluens
Sordariomycetes Claviceps purpurea
Colletotrichum graminicola
Colletotrichum higginsianum
Coniochaeta ligniaria
Fusarium graminearum
Fusarium verticillioides
Metarhizium acridum
Neurospora crassa
Ophiocordyceps sinensis
Podospora anserina
Sordaria macrospora
Trichoderma reesei
Verticillium dahliae
a

Strain
SCOH1-5
0WU
C5
m118
NZE10
JN3
MS6
SN15
Pt-1C-BFP
IPO323
B05.10
1980 UF-70
CBS 100304
20.1
M1.001
IMI 349063
NRRL 30616
PH-1
7600
CQMa 102
OR74A
CO18
S mat+
K-hell
QM6a
VdLs.17

Protein accessiona
Cerzm1|110684 (J)
Clafu1|187550 (J)
CocheC5_3|1084651 (J)
Coclu2|144502 (J)
Dotse1|74976 (J)
XP_003841512.1 (N)
EKG10461.1 (N)
Stano2|5523 (J)
XP_001933567.1 (N)
Mycgr3|76651 (J)
XP_024547291.1 (N)
APA14249.1 (N)
CCX16476.1 (N)
CCE27565.1 (N)
XP_008094502.1(N)
CCF31796.1 (N)
OIW26387.1 (N)
XP_011327783.1 (N)
Fusve2|8536 (J)
XP_007808025.1 (N)
XP_011395151.1 (N)
EQK98623.1 (N)
XP_001929787.1 (N)
XP_003351224.1 (N)
XP_006965752.1 (N)
XP_009656645.1 (N)

Accessions referenced at the Joint Genome Institute are followed by a (J) and represented as
organism ID|protein ID. Accessions referenced at the the National Center for Biotechnology
Information are followed by an (N). Relevant web addresses are provided in Materials and
Methods.
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Table 3.3. Primers used in this study.
Primer
RB300_F
RB300_R
RB301_F
RB302_R
RB303_F
RB303_R
CZM110684_PF
CZM110684_PR
TUB2_rtF2
TUB2_rtR2
FRQ1_rtF2
FRQ1_rtR2

Sequence (5′–3′)a
atcccccgggctgcaggaattcgatCTACTTGTCGTCATCGTC
cgtggaacctgatTTAATTAAGGGCGGAGGC
cgcccttaattaaATCAGGTTCCACGCCTTC
cggcagcagcagcgGGTGCAGGCAATCAACAAAAAG
gattgcctgcacccgctgctgctgccgctgctgccgcGGCTGCAATCAGCGATTG
ggtcgacggtatcgataagcttgatGAGAGTGAGGAGTGCAGTC
GCTGATCAATTATCGACGAGGAGG
CAGTGCCAATGATCTCGCTC
GAGATCGTCCATCTTCAAACC
AGGTCAGACGTGCCATTGTA
GGCGATCGCAAAGCGAATGG
TCAGCCAGCGGTCCTCTCTT

a

Nucleotides in lowercase are not present in template but facilitate PCR-based fusion, Gibson
assembly, and/or addition of restriction enzyme sites.
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Figure 3.1. The Defective in Binding DNA (DBD) region and adjacent Zinc Finger DNAbinding domain are conserved among WC-1 and Crp1 and WC-1 orthologs. (A) Conceptual
translation of Crp1 reveals a protein predicted to contain at least five functional domains (LOV
domain [PASA], PAS-Fold [PASB], PAS [PASC], Defective in Binding DNA [DBD] region, and
Zinc Finger DNA-binding [ZnF] domain) represented by colored boxes. Comparison with WC-1
demonstrates conserved domain architecture. Gray boxes represent predicted low-complexity
regions. Asterisks denote poly-Q regions of WC-1. (B) Phylogenetic reconstruction demonstrates
WC-1/Crp1 conservation within the Pezizomycotina. Branches having bootstrap values 70% are
in bold. (C) Alignment of the DBD region and ZnF domain from putative WC-1 orthologs
illustrate conservation of these functional domains in representatives of the Pezizomycotina.
Colored regions are described in panel A.
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Figure 3.2. The DBD region of WC-1 orthologs is well conserved within the Pezizomycotina.
Alignment of the DBD region of putative WC-1 orthologs illustrates strong conservation across
the Pezizomycotina.
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Figure 3.3. The DBD region of Crp1 is required for circadian expression of FRQ1. (A) Strains
SCOH1-5 (wild type) and (B) Δcrp1/CRP1ΔDBD-7 (complementation of Δcrp1-14 with a
CRP1ΔDBD allele) were entrained under 12h:12h light:dark for 48 h, shifted to free-running
conditions (constant darkness), and collected every 4 h over 24 h. Relative FRQ1 mRNA level
was determined by reverse transcription-quantitative PCR (RT-qPCR). Blocks above graphs
represent circadian time (CT) and illustrate the phase of the circadian clock. Black blocks
represent “subjective night”; white blocks represent “subjective day”. Bars represent standard
error of the mean.
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Figure 3.4. The DBD region of Crp1 is dispensable for Crp1-mediated regulation of asexual
development. (A) Strains SCOH1-5 (wild type), Δcrp1-14 (, Δcrp1/CRP1ΔDBD-7 (independent
complementation of Δcrp1-14 with a CRP1ΔDBD allele), and Δcrp1/CRP1ΔDBD-8 (independent
complementation of Δcrp1-14 with a CRP1ΔDBD allele) were grown on V8 agar medium under
constant light. Conidia were collected and quantified 4 days after inoculation (dai). (B) Strains
were grown on V8 agar medium under constant darkness. Conidia were collected and quantified
4 dai. Points represent values of biological replications. Bars represent standard deviation of the
mean. Statistical differences were determined using one-way ANOVA and Tukey's honestly
significant difference (HSD) post hoc test. One-way ANOVA results (p-values) are presented.
Different letters indicate statistically significant differences (p < 0.05) determined by Tukey’s
HSD test.
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Figure 3.5. The DBD region of Crp1 is dispensable for foliar infection. (A) Strains SCOH1-5
(wild type), Δcrp1-12, and Δcrp1-14 were sprayed onto the two youngest, fully expanded leaves
of four-week-old maize plants and visually assessed for lesion development 14 days after
inoculation (dai). A mock treatment was included as a control. (B) Strains SCOH1-5 (wild type)
and Δcrp1/CRP1-6 (complementation of Δcrp1-14 with the wild-type CRP1 allele) were sprayed
onto the two youngest, fully expanded leaves of four-week-old maize plants and visually
assessed for lesion development 14 dai. A mock treatment was included as a control. (C) Strains
SCOH1-5 (wild type), Δcrp1/CRP1-6 (complementation of Δcrp1-14 with the wild-type CRP1
allele), Δcrp1/CRP1ΔDBD-7 (independent complementation of Δcrp1-14 with a CRP1ΔDBD allele),
and Δcrp1/CRP1ΔDBD-8 (independent complementation of Δcrp1-14 with a CRP1ΔDBD allele)
were sprayed onto the two youngest, fully expanded leaves of four-week-old maize plants and
visually assessed for lesion development 21 dai. A mock treatment was included as a control.
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Figure 3.6. The DBD region of Crp1 is required for appropriate regulation of cercosporin
biosynthesis. (A) Strains were spread onto 0.2× PDAG medium, grown under constant light, and
visually assessed for cercosporin accumulation 4 days after inoculation (dai). (B) Strains were
spread onto 0.2× PDAG medium and grown under constant light, 12 h:12 h light:dark, or
constant darkness. Cultures were visually assessed for cercosporin accumulation 8 dai.
Cercosporin accumulated as a reddish pigment in the culture medium.
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Figure 3.7. The DBD region of Crp1 is required for cercosporin resistance. Strains SCOH1-5
(wild type), Δcrp1-12, Δcrp1-14, or Δcrp1/CRP1ΔDBD-7 (complementation of Δcrp1-14 with a
CRP1ΔDBD allele) were spotted (104, 103, 102, or 10 conidia) onto 0.2× PDAG medium
supplemented with ammonium nitrate and methanol (control), 1 μM cercosporin (CR), or 10 μM
cercosporin. Cultures were incubated in 12 h:12 h light:dark or constant light. Fungal growth was
visually assessed 3 days after inoculation.

133

Chapter 4: The Set3 Histone Deacytelation Complex Governs Pathogenesis Through
Regulation of the Circadian Clock Component, FRQ1, in Cercospora zeae-maydis

4.1. Summary
It is not fully understood how fungi effectively sense and respond to environmental signals.
Light is an important environmental signal underlying pathogenesis in the fungus, Cercospora
zeae-maydis. Evidence suggests that the White Collar Complex components, Crp1 and Crp2, are
responsible for sensing light and initiating a transcriptional response. Part of this transcriptional
response includes regulation of the conserved circadian clock component frequency (FRQ1).
Crp1, Crp2, and Frq1 are required for foliar infection, and as such, represent a core regulatory
circuit for sensing and responding to environmental signals in C. zeae-maydis. However, the
downstream components and mechanisms responsible for fine-tuning this regulatory circuit are
not known. To identify novel components underlying the Crp1/Crp2/Frq1 circuit in C. zeaemaydis, we searched results from two independent genetic screens in the Bluhm lab. One mutant
from each genetic screen was found to carry a mutation in a gene that putatively encodes a
conserved SET domain containing protein, Set3. In the yeast, Saccharomyces cerevisiae, Set3 is
a central component of the Set3 histone deacetylase complex (Set3C). In the filamentous fungus,
Neurospora crassa, light responses mediated by the Crp1 ortholog, WC-1, and chromatin
remodeling at the frequency locus are dependent on histone acetylation status. Targeted deletion
of SET3 demonstrated that Set3 has a role in light-mediated development, including secondary
metabolism, colony morphology, and asexual development. Set3 is important for foliar infection
likely due to defects in pre-penetration infectious development on the leaf surface. Additionally,
SET3 mutants appeared to produce fewer, smaller lesions than the wild type demonstrating a role
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for Set3 beyond pre-penetration infectious development. Deletion of SET3 negatively impacts
expression of FRQ1 under constant light and constant darkness but not light-induced FRQ1
expression. Together, these results suggest that Set3 acts downstream of Crp1-mediated light
sensing to fine-tune the Crp1/Crp2/Frq1 circuit via regulation of FRQ1 possibly through histone
modification at the frequency locus.

4.2. Introduction
It is not fully understood how fungi effectively sense and respond to environmental signals.
Light is an important environmental signal for many fungi (Dasgupta et al. 2016). The fungus,
Neurospora crassa, is a model for understanding photobiology and circadian biology (Baker,
Loros, and Dunlap 2012; Dasgupta et al. 2016). In N. crassa, the White Collar Complex,
comprised of WHITE COLLAR 1 (WC-1) and WHITE COLLAR 2 (WC-2), is the principal
photoreceptor and a central regulator of light regulation and circadian regulation (Baker, Loros,
and Dunlap 2012). WCC transcriptionally regulates frequency (frq), which encodes a component
of the central oscillator of the fungal circadian clock (Canessa et al. 2013; Hevia et al. 2015;
Dunlap 1999).
Chromatin modification has an established and conserved role in responding to light and
other environmental signals (Grimaldi et al. 2006). One such chromatin modification is
acetylation of histones H3 and H4 (Eberharter and Becker 2002; Grimaldi et al. 2006). Histone
acetylation is a reversible modification that reduces chromatin compaction thereby allowing
transcriptional machinery to access DNA (Eberharter and Becker 2002). In N. crassa, WCCmediated light responses and chromatin remodeling at the frq locus during circadian rhythmicity
are dependent on histone acetylation status (Belden, Loros, and Dunlap 2007; Brenna et al. 2012;
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Grimaldi et al. 2006; Sun et al. 2016). The histone deacetylase, RPD-3 (reduced potassium
dependence-3), is involved in modulating histone acetylation at the frq locus (Sun et al. 2016).
Loss of PRD-3 leads to increased histone acetylation at the frq locus (Sun et al. 2016). However,
RPD-3 only modulates a fraction of the histone deacetylation activity at the frq locus (Sun et al.
2016). This indicates that an additional histone deacetylase is important for modulating histone
acetylation at the frq locus and potentially other light-mediated responses.
The conserved SET-domain containing protein, Set3, is a central component of the Set3
histone deacetylase complex (Set3C). In the budding yeast, Saccharomyces cerevisiae, Set3C is
comprised of Set3, Sif2, Snt1, and Hos2, of which Hos2 has catalytic deacetylase activity
(Pijnappel et al. 2001). Set3C of S. cerevisiae modulates gene expression kinetics during
environmental transitions through deacetylation of histones H3 and H4 (Kim et al. 2012). In the
fission yeast, Schizosaccharomyces pombe, Set3 has been shown to have regulatory function
outside Set3C that requires the conserved PHD finger domain of Set3 but not the deacetylase
activity of Set3C (Yu et al. 2016). Notably, the Set3 ortholog, NcSET-4 (Borkovich et al. 2004),
or Set3C equivalent have not been functionally characterized in N. crassa.
Cercospora zeae-maydis is an important fungal pathogen of maize (Latterell and Rossi 1983;
Ward et al. 1999). Light is central environmental signal underlying pathogenesis and secondary
metabolism in C. zeae-maydis (Daub, Herrero, and Chung 2005; Kim et al. 2011a). In C. zeaemaydis, orthologs of the White Collar Complex components, WC-1 and WC-2, have been
designated Crp1 and Crp2, respectively (Kim et al. 2011b) (Chapter 2). Evidence suggests that
Crp1 and Crp2 are responsible for sensing light and initiating a transcriptional response in C.
zeae-maydis (Kim et al. 2011b) (Chapter 2). Part of this transcriptional response includes
regulation of the conserved circadian clock component frequency (FRQ1) (Chapters 2 and 3).
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Crp1, Crp2, and Frq1 are required for foliar infection and the appropriate regulation of the
phytotoxic secondary metabolite cercosporin (Kim et al. 2011b) (Chapters 2 and 3). Together,
this indicates that Crp1, Crp2, and Frq1 represent a core regulatory circuit involved in sensing
and responding to environmental signals in C. zeae-maydis. Despite the importance of the
Crp1/Crp2/Frq1 regulatory circuit in pathogenesis and secondary metabolism, the downstream
components and mechanisms responsible for fine-tuning the process are not known.
The overarching goal of this work was to identify novel components of the regulatory
network underlying the connection between light and pathogenesis in C. zeae-maydis. To this
end, we “piggy-backed” on two independent and ongoing genetic screens in the Bluhm lab, the
goals of which are to: (1) identify proteins and/or genetic elements involved in pre-penetration
infectious development in C. zeae-maydis (Hirsch 2014); and (2) identify proteins and/or genetic
elements involved in the production of and resistance to cercosporin in C. zeae-maydis (Sharma
Khatiwada 2018). It was reasoned that mutants defective in pre-penetration infectious
development and/or cercosporin biosynthesis could provide a resource to identify novel
components of the Crp1/Crp2/Frq1 regulatory circuit. Interestingly, one mutant from each
genetic screen was found to carry a mutation in a gene designated SET3, which putatively
encodes a Set3/NcSET-4 ortholog. The objective of this study was, thus, to confirm the role of
SET3 in pathogenesis and cercosporin biosynthesis and begin to unravel how Set3 fits into the
Crp1/Crp2/Frq1 regulatory circuit of C. zeae-maydis.
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4.3. Materials and Methods
4.3.1. Strains and culture conditions
Strains used in this study are listed in Table 4.1. The C. zeae-maydis strain SCOH1-5 (Kim et al.
2011b; Shim and Dunkle 2002) served as the wild type and parental strain in this study. All
strains generated in this study were subjected to two rounds of genetic purification via singlespore isolation. Strains were stored as colonized agar or conidial suspension in 30% (v/v)
glycerol at –80 °C. Working cultures were maintained on V8 agar medium (Leslie and
Summerell 2006) in the dark at room temperature. Cultures were transferred every 4 d to
maintain a reproductive state. Conidia were harvested from 4-day-old cultures in 10 ml of sterile
distilled water with the aid of a cell spreader. Conidial suspensions were filtered through two
layers of sterile cheesecloth and quantified using a hemacytometer. To induce cercosporin
production, strains were cultured on 0.2× potato dextrose agar gelzan (PDAG) medium (7.8 g
Difco potato dextrose agar [BD Diagnostic Systems, Sparks, MD, USA], 6 g Gelzan CM
[Sigma-Aldrich, Saint Louis, MO, USA], and 0.75 g magnesium chloride hexahydrate [Research
Products International Corp., Mt. Prospect, IL, USA] per l).
To assess light regulation of gene expression, 100 μl of a conidia suspension (5 × 105 conidia
per ml) was spread onto V8 agar medium overlaid with cellophane (Research Products
International Corp.) discs in 10 cm Petri dishes. Cultures were grown in constant light (LL) or
constant darkness (DD) at 25 °C for 2 d or grown in DD at 25 °C for 2 d then exposed to a 30
min pulse of white light or maintain in DD. Colonized cellophane was collected under low red
light and frozen under liquid. A minimum of three biological replicates was assessed per strain.
Experiments were repeated with similar results.
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4.3.2. Bioinfomatics and phylogenetic reconstruction
Sequence data was obtained through the Joint Genome Institute and the National Center for
Biotechnology Information (https://jgi.doe.gov and https://www.ncbi.nlm.nih.gov, respectively).
Reciprocal protein–protein BLAST (blastp) analyses were used to identify putative
ScSet3/NcSET-4 orthologs (Altschul et al. 1997). Simple Modular Architecture Research Tool
(Version 8.0) was used to identify functional domains in Set3 of C. zeae-maydis (Letunic and
Bork 2018). EMBOSS Needle was used for global sequence alignment
(https://www.ebi.ac.uk/Tools/psa/emboss_needle/).

4.3.3. Nucleic acid manipulations
Plasmid DNA was isolated using a Zyppy Plasmid Miniprep Kit (Zymo Research Corporation,
Irvine, CA, USA) or by alkaline lysis (Sambrook and Russell 2001). Fungal genomic DNA was
isolated from fungal cultures grown in yeast extract peptone dextrose (YEPD) liquid medium
(Flaherty et al. 2003) using a modified cetyltrimethylammonium bromide (CTAB) method
(Kerényi et al. 1999; Leslie and Summerell 2006). Mini-preparation of fungal genomic DNA for
PCR analyses was prepared from cultures grown on V8 agar medium as previously described
(Liu, Yeh, and Shen 2011) with modifications (described in Chapter 2). Primers were acquired
from Integrated DNA Technologies (Coralville, IA, USA) (Table 4.2).

4.3.4. Genetic manipulations
A split-marker approach was used to replace SET3 with a hygromycin resistance cassette (Catlett
et al. 2003; Yu et al. 2004). Deletion constructs were generated as previously described
(Ridenour, Hirsch, and Bluhm 2012). For targeted deletion of SET3, a 1,154 bp region upstream
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of the SET3 open reading frame (ORF) (SET3 5' flank) and a 1,369 bp region downstream of the
SET3 ORF (SET3 3' flank) were amplified from C. zeae-maydis genomic DNA (strain SCOH15) using primer pairs CZM115974_F1/CZM115974_F2 and CZM115974_F3/CZM115974_F4,
respectively. Overlapping marker fragments (HY and YG) were amplified from a hygromycin
resistance cassette derived from pCB1003 (Carroll, Sweigard, and Valent 1994) using primer
pairs M13F/HY and YG/M13R, respectively. The SET3 5' flank and the HY marker fragment
were joined and amplified by fusion PCR (Yu et al. 2004) using nested primer pair
CZM115974_F1N/HYN. Similarly, the SET3 3' flank and the YG marker fragment were joined
and amplified using nested primer pair YGN/CZM115974_F4N. Generation and transformation
of fungal protoplasts were preformed as previously described (Shim and Dunkle 2003).
Transformants resistant to hygromycin (100 µg/ml) (Research Products International Corp.) were
screened for integration of the deletion construct as previously described (Ridenour, Hirsch, and
Bluhm 2012). Two strains (Δset3-86 and Δset3-88) in which the deletion construct integrated
properly were selected for further characterization. Two strains (SET3EC-41 and SET3EC-49) in
which the deletion construct integrated ectopically into the genome were also selected for further
characterization. For genetic complementation, the 115974 open reading frame (ORF) plus 2,000
bp upstream of the predicted start codon and 1,449 bp downstream of the predicted stop codon
was amplified using primer pair CZM115974_C1/CZM115974_C2. The PCR product was
cloned into the EcoRV restriction enzyme site of pKS-GEN (Bluhm et al. 2008) using Gibson
assembly (Gibson et al. 2009) to generate pBR320. pBR320 was transformed into strain Δset386. Transformants resistant to G-418 (150 µg/ml) (Research Products International Corp.) were
screened by PCR for integration of the SET3 complementation cassette using primer pair
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CZM115974_PF/CZM115974_PR and phenotypically for recapitulation of the wild-type
phenotype.
The wild-type GFP reporter strain was generated using by transforming pBR0073 (Ridenour
et al. 2014) into strain SCOH1-5 via protoplast-mediated transformation (Shim and Dunkle
2003) as described in Chapter 2. The Δset3 GFP reporter strain was generated via Agrobacterium
tumefaciens-mediated transformation as previously described (Li et al. 2013; Swart et al. 2017)
using A. tumefaciens strain AGL-1 (Lazo, Stein, and Ludwig 1991) harboring the binary vector
pBYR48 (described in Chapter 2). Transformants resistant to G-418 (200 µg/ml) (Research
Products International Corp.) were screened for fluorescence.

4.3.5. Conidia production
To assess conidia production, 100 μl of a conidial suspension (5 × 105 conidia per ml) was
spread onto V8 agar medium in 6 cm Petri dishes. Cultures were incubated in LL, 12 h:12 h
light:dark (LD), or DD at 25 °C. After 4 d, conidia were harvested in 2 ml of sterile distilled
water with the aid of a cell spreader and quantified using a hemacytometer. Three biological
replicates were assessed per strain per treatment. The mean of two measurements for each
biological replicate was determined. Results are presented as the mean number of conidia
produced per area (cm2) across biological replicates plus or minus the standard deviation of the
mean. Experiments were repeated twice with similar results.

4.3.6. Germination and in vitro appressorium formation
in vitro appressorium formation was assessed as described by Thorson and Martinson (1993)
with modifications (described in Chapter 2). Briefly, squares (1.5 cm × 1.5 cm) of Westran S
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polyvinylidine fluoride membrane (GE Healthcare Life Sciences, Pittsburgh, PA, USA) were
placed on two sterile filter paper discs (diameter = 9 cm) wetted with 3 ml of sterile distilled
water in a 10-cm glass Petri dish. Two hundred and fifty μl of a conidial suspension (3 × 103
conidia per ml) was inoculated onto each membrane. Petri dishes were sealed with parafilm and
incubated at 25 °C in constant darkness. After 6 h, excess water was removed, and membranes
and air-dried in a laminar-flow hood for 30 min. Membranes were transferred to a plastic support
in a 10-cm glass Petri dish containing 20 ml of 8.11% glycerol (v/v) to maintain an approximate
relative humidity of 98%. Petri dishes were sealed with parafilm and incubated in LD at 25 °C.
After 72 h, membranes were stained and examined under a microscope as described (Chapter 2).
Six biological replicates (i.e., membranes) were assessed per strain, and ten germlings per
replicate were examined qualitatively for appressorium formation and quantitatively for the
number of appressoria formed per germling. Results are presented as the mean percentage of
germlings forming appressoria in vitro across biological replicates plus or minus the standard
deviation of the mean or the average number of in vitro appressoria formed per germling across
biological replicates plus or minus the standard deviation of the mean. Experiments were
repeated with similar results.

4.3.7. Pathogenicity
Infection and disease progression were evaluated as previously described (Bluhm and Dunkle
2008) with minor modifications (described in Chapter 2). Briefly, maize variety silver queen
(Urban Farmer, Westfield, IN, USA) was grown in a growth chamber under LD at 24 °C. Four
weeks after planting, a conidial suspension (4 × 105 conidia per ml 0.01% tween-20 [v/v]) was
sprayed onto the youngest fully expanded leaves using an airbrush (Model H, Paasche Air Brush,
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Kenosha, WI, USA). Plants were air dried for 30-60 min and covered with transparent plastic to
maintain high relative humidity (> 90%). Plants were maintained in a growth chamber under LD
at 24 °C. Transparent plastic was removed after 4 d. To assess pre-penetration infectious
development, leaf samples were collected 4 days after inoculation (dai). When GFP-labeled
reporter strains were used, samples were affixed to a microscope slide using double-sided tape,
mounted in mounting solution (described in Chapter 2), and examined under an epifluorescence
microscope. To assess foliar infection and disease progression, plants were qualitatively assessed
at 7, 14, 21 dai and photographed. To assess the production of conidiophores and conidia from
mature lesions, infected leaves were collected 14 dai, incubated overnight in a moist chamber,
and examined under a dissecting microscope after 2 and 7 d.

4.3.8. Cercosporin accumulation
Cercosporin accumulation was determined as previously described by (Jenns and Daub 1995)
with minor modifications. Briefly, 200 μl of a conidial suspension (4 × 105 conidia per ml) was
spread onto 0.2× PDAG medium in 10 cm Petri dishes. Cultures were incubated in LL, LD, or
DD at 25 °C. Cercosporin accumulation was visually assessed 3-12 dai. Experiments were
repeated twice with similar results. A minimum of three biological replicates was assessed per
strain per treatment. Experiments were repeated with similar results.

4.3.9. Reverse Transcriptase-quantitative PCR (RT-qPCR) analysis of gene expression
All samples were ground under liquid nitrogen. Total RNA was isolated using Ribozol reagent
(Amresco, Solon, OH, USA) following the manufacturer’s recommendations. One μg total RNA
was treated with DNase I (Promega Corp., Madison, WI, USA) following the manufacturer’s
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recommendations. First-strand cDNA synthesis was performed using Oligo (dT)15 (Integrated
DNA Technologies) and M-MuLV Reverse Transcriptase (Lucigen Corp., Middleton, WI, USA)
following the manufacturer’s recommendations. RT-qPCR was performed as described
(Ridenour and Bluhm 2014) in a StepOnePlus Real-Time PCR System (Applied Biosystems,
Grand Island, NY, USA). Reaction and cycling conditions were as described (Bluhm et al.
2008). Three technical replicates were analyzed per biological replicate. Experiments were
repeated with similar results.

4.3.10. Statistical analyses
Statistical differences were calculated using the JMP software package (Version Pro 11.0.0)
(SAS Institute, Inc., Cary, NC, USA). Statistical differences between two independent groups
were determined using Student’s t-test. Statistical differences between three or more independent
groups were determined using one-way ANOVA followed by Tukey's honestly significant
difference (HSD) post hoc test. Asterisks (* or **) indicate statistically significant differences (p
< 0.05 or p <0.01, respectively) determined by Student’s t-test. Results determined using oneway ANOVA are presented as p-values where relevant. Different letters indicate statistically
significant differences (p < 0.05) determined by Tukey’s HSD test.

4.4. Results and Discussion
4.4.1. Genetic screens identify a role for SET3 in the light-dependent biology of C. zeaemaydis and targeted deletion of validates a role for Set3 in cercosporin biosynthesis
Light is an essential environmental signal tied to pathogenesis and secondary metabolism in C.
zeae-maydis (Kim et al. 2011a). However, the signaling network underlying light, pathogenesis,
and secondary metabolism in C. zeae-maydis is not known. Two independent and ongoing
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genetic screens in the Bluhm lab are generating genetic resources useful for the identification of
novel components of this signaling network. The goals of the two genetic screens are to: (1)
identify proteins and/or genetic elements involved in pre-penetration infectious development in
C. zeae-maydis (Hirsch 2014); and (2) identify proteins and/or genetic elements involved in the
production of and resistance to cercosporin in C. zeae-maydis (Sharma Khatiwada 2018). Here, it
was reasoned that mutants defective in pre-penetration infectious development and/or
cercosporin biosynthesis could provide a resource to identify novel components of the
Crp1/Crp2/Frq1 regulatory circuit of C. zeae-maydis. Phenotypic and genotypic data derived
from the genetic screens where searched for potential overlap (data not shown). Interestingly,
one mutant from each genetic screen was found to carry a mutation in a gene designated SET3,
which putatively encodes a Set3/NcSET-4 ortholog. Set3 is a central component of the Set3
histone deacetylase complex (Set3C) involved in deacetylation of histones H3 and H4 (Kim et al.
2012). To validate observations based on the random, insertional mutants obtained in the genetic
screens and for further characterization of SET3, SET3 deletion strains were generated in the
wild type (SCOH1-5) background (Figure 4.1A-B).
Many Cercospora species, including C. zeae-maydis, produce the phytotoxic secondary
metabolite cercosporin (Daub, Herrero, and Chung 2005). Light, Crp1, and Frq1 are involved in
the appropriate regulation of cercosporin production in C. zeae-maydis (Kim et al. 2011b)
(Chapters 2 and 3). To confirm that Set3 is involved in the regulation of cercosporin production
as observed in the genetic screen (Sharma Khatiwada 2018), the wild type, two SET3 deletion
strains, a SET3 genetic complementation strain, and a strain carrying an ectopic SET3 deletion
cassette were assessed for cercosporin accumulation (Figure 4.2). When grown under permissive
conditions (i.e., 0.2× PDAG medium in constant light or 12 h:12 h light:dark at 25 °C), the wild
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type, SET3 complementation strain, and SET3 ectopic strain produced cercosporin (visible as a
reddish pigment) in the culture medium (Figure 4.2). Deletion of SET3 abolished cercosporin
production under permissive conditions (Figure 4.2). When grown under repressive conditions
(i.e., 0.2× PDAG medium in constant darkness at 25 °C), the wild type, SET3 ectopic strain, and
SET3 complementation strain produced very little or no cercosporin (Figure 4.2). Cercosporin
production was not observed when the SET3 deletion strains were grown under repressive
conditions (Figure 4.2). Thus, deletion of SET3 blocks cercosporin biosynthesis under constant
light, 12 h:12 h light:dark, and constant darkness, indicating that the Set3 has an important role
in regulation of cercosporin possibly through regulation of Crp1 and/or Frq1. Additionally, these
results implicate Set3 and histone acetylation in the regulation of secondary metabolism in C.
zeae-maydis.

4.4.2. Deletion of SET3 impacts colony morphology and conidiation in a light-dependent
manner
Cercospora zeae-maydis survives intercrop periods in infested maize residue (Ward et al. 1999).
Asexual spores, known as conidia, are produced on infested residue following periods of high
humidity in early spring (Ward et al. 1999). Conidia are dispersed by wind to cause initial
infection (Payne, Duncan, and Adkins 1987) and, as such, represent a critical component of the
disease cycle for C. zeae-maydis. Light is a key regulator of culture morphology and conidiation
in C. zeae-maydis (Kim et al. 2011a). Light represses conidiation but supports the production of
conidiophores and vegetative growth through a Crp1-mediated mechanism (Kim et al. 2011b).
To determine if deletion of SET3 impacts colony morphology in C. zeae-maydis, the wild type
and two SET3 deletion strains were grown on V8 agar medium under different light conditions
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(i.e., constant light, 12 h:12 h light:dark, and constant darkness) (Figure 4.3). Colonies of the two
SET3 deletion strains were morphologically similar to one another but morphologically distinct
from the wild type under constant light and 12 h:12 h light:dark (Figure 4.3). Colonies of the two
SET3 deletion strains were morphologically similar to one another but morphologically distinct
from the wild type under constant light and 12 h:12 h light:dark (Figure 4.3). Colonies of the two
SET3 deletion strains were morphologically similar to one another and the wild type under
constant darkness (Figure 4.3).
To determine if deletion of SET3 impacts conidiation in C. zeae-maydis, the wild type, two
SET3 deletion strains, and a strain carrying an ectopic SET3 deletion cassette were grown under
conditions repressive and permissive to conidiation (Figure 4.4). Under conditions that repress
conidiation (i.e., V8 agar medium in constant light at 25 °C) the wild type and the SET3 ectopic
strain produced a relatively small number of conidia after 96 h (Figure 4.4A). Under constant
light, the SET3 deletion strains produced significantly more conidia than the wild type or SET3
ectopic strain (Figure 4.4A). Under conditions that support conidiation (i.e., V8 agar medium in
constant darkness at 25 °C), the wild type and SET3 ectopic strain produced conidia in
abundance after 96 h (Figure 4.4B). The SET3 deletion strains produced conidia similarly to the
the wild type and SET3 ectopic strain under permissive conditions (Figure 4.4B). Deletion of
SET3 did not impact conidia germination (data not shown).
Together, this data demonstrates that deletion of SET3 impacts colony morphology and
conidiation in a light-dependent manner. Interestingly, derepression of conidiation in constant
light is phenotypically consistent with results observed for CRP1 and CRP2 deletion strains
(Kim et al. 2011b) (Chapter 2) indicating potential epistasis or complementary role for the WCC
and Set3 in the repression of conidiation in constant light.
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4.4.3. Set3 is important for pre-penetration infectious development and foliar infection
Cercospora zeae-maydis follows a complex infection strategy to exploit stomata and enter the
host (Kim et al. 2011a). Pre-penetration infectious development includes spore germination,
perception of stomata, reorientation of hyphal growth toward stomata, and the formation of
appressoria over stomata (Kim et al. 2011a, 2011b). To determine the role of Set3 in prepenetration infectious development, we generated strains constitutively expressing green
fluorescent protein (GFP) in the wild type and a SET3 deletion strain. The wild type and a SET3
deletion strain expressing GFP were inoculated on 4-week-old maize and assessed for prepenetration infectious development 4 dai (Figure 4.5). The percentage of appressorium formation
when stomata were encountered was significantly reduced in the SET3 deletion strain compared
to wild type (Figure 4.5). This demonstrates that deletion of SET3 impact pre-penetration
infectious development and suggests that Set3 functions in the regulation of light-dependent
foliar infection.
Following stomatal entry, C. zeae-maydis undergoes a latent period characterized by
asymptomatic colonization of the substomatal cavity and surrounding apoplast (Kim et al.
2011a). The pathogen switches to a necrotrophic phase characterized by lesion development after
the latent period (Kim et al. 2011a). To determine if deletion of SET3 impacts foliar infection
and lesion development, the wild type and two SET3 deletion strains were inoculated on 4-weekold maize and assessed for disease progression (Figure 4.6). Lesions became apparent on plants
inoculated with the wild type 5 to 7 days after inoculation (dai) (data not shown) and mature
lesions developed by 14 dai (Figure 4.6A). Deletion of SET3 appeared to result in fewer lesions
per leaf area as well as a reduction in lesion size when lesions were formed 14 dai (Figure 4.6A).
Individual lesions formed by the wild type showed typical symptomology, including necrotic

148

centers, elongation parallel to leaf veins, and discoloration of surrounding host tissue (Figure
4.6B). In contrast, individual lesions formed by the SET3 deletion strains showed less necrosis,
appeared to be impaired in elongation, and lacked discoloration of surrounding host tissue
(Figure 4.6B).
Following lesion maturation, conidiophores emerge through stomata and produce conidia
(Ward et al. 1999). Conidia are then dispersed to neighboring leaves and/or plants initiating
secondary infections (Ward et al. 1999). To determine the impact of deletion of SET3 on
conidiation in planta, leaf segments containing individual lesions were removed from inoculated
plants 21 dai and placed in moist chambers in the dark to induce conidiation (Figure 4.6B. After
incubation for 2 d, conidiophores bearing conidia had emerged from lesions formed by the wild
type (data not shown). In contrast, conidiophores and conidia were absent from lesions formed
by the SET3 deletion strains after incubation for 2 d (data not shown). However, conidiophores
bearing conidia emerged from lesions formed by the SET3 deletion strains after incubation for 7
d similar lesions formed by the wild type (Figure 4.6C). This data demonstrates that Set3 has a
role in regulating the timing of conidiation in planta. Additional work will be required to
determine exactly how Set3 regulates conidiation in planta. For example, it is not clear if
deletion of SET3 impairs development within the stomata cavity and delays reproduction or if
deletion of SET3 more specifically impairs the formation of conidiophores or conidia in planta.
Together, this data indicates that Set3 has an important role in multiple aspects of
pathogenesis in C. zeae-maydis, including pre-penetration infectious development, colonization,
and conidiation. Additionally, this work provides this first potential link between histone
modification (i.e., acetylation) and pathogenesis in C. zeae-maydis and provides a foundation for
future work unraveling this connection.
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4.4.4. Set3 is important for appressorium formation in vitro
To further dissect specific aspects of pre-penetration infectious development, the wild type and
two SET3 deletion strains were assessed for appressorium formation in vitro under 12 h:12 h
light:dark as described (Chapter 2) (Figure 4.7). The percentage of germlings of the SET3
deletion strains producing in vitro appressoria was significantly reduced compared the
percentage of wild-type germlings producing in vitro appressoria (Figure 4.7A). Additionally,
the number of in vitro appressoria formed per germling of the SET3 deletion strains was
significantly reduced compared to the number of in vitro appressoria formed per wild-type
germling (Figure 4.7B). These results demonstrate that Set3 has a role in the formation of
appressoria by C. zeae-maydis, which may account for the defects in pre-penetration infectious
development observed in planta.

4.4.5. Set3 is dispensable for light-mediated induction of FRQ1 but is required for wildtype levels of FRQ1 in constant light and constant darkness
Circadian systems, comprised of an input, a central oscillator, and an output, drive biological
rhythms that help organisms adapt to diurnal changes in the environment (Baker, Loros, and
Dunlap 2012; Dunlap and Loros 2017). We have provided evidence that C. zeae-maydis has a
circadian clock, of which light is a primary input and Crp1 and Frq1 (and likely Crp2) are
components of a central oscillator (Chapter 2). We have additionally provided evidence that
components of this circadian clock have a role in pathogenesis (Chapters 2 and 3), although it is
not yet clear if the regulation of pathogenesis is an output of the circadian clock or if these
components regulate pathogenesis through a light-dependent but clock-independent mechanism.
Expression of FRQ1 of C. zeae-maydis shows circadian rhythmicity (Chapter 2) and appears to
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provide a readout for clock activity similar to what has been reported for N. crassa (Baker,
Loros, and Dunlap 2012). Based on findings presented here that Set3 is involved in processes
regulated by Crp1/Crp2/Frq1 regulatory circuit in C. zeae-maydis and the importance of histone
acetylation in WCC-mediated light regulation and circadian regulation in N. crassa, it is
hypothesize that a similar environmental input module exists in C. zeae-maydis and that Crp1
and Frq1 drive a circadian oscillator similar to that described in N. crassa.
To determine if Set3 is involved in light-induced regulation of FRQ1 expression, the wild
type and a SET3 deletion strain were grown in constant darkness at 25 °C for 2 d then exposed to
a 30 min lpulse of white light or maintained in constant darkness (Figure 4.8A). An
approximately six-fold increase in FRQ1 expression was observed in the wild type following a
30 min pulse of white light relative to constant darkness (Figure 4.8A). Similarly, an
approximately seven-fold increase in FRQ1 expression was observed in the SET3 deletion strain
following a 30 min pulse of white light relative to constant darkness (Figure 4.8A). This data
indicates that Set3 is not required for light-induced regulation of FRQ1 expression.
To further examine a potential regulatory role for Set3 in the regulation of FRQ1 expression,
the wild type and a SET3 deletion strain were grown in constant light or constant darkness at 25
°C for 2 d. In constant light, FRQ1 expression was significantly lower in the SET3 deletion strain
relative to FRQ1 expression in the wild type (Figure 4.8B). Similarly, FRQ1 expression was
significantly lower in the SET3 deletion strain relative to FRQ1 expression in the wild type in
constant darkness (Figure 4.8C). This data indicates that, although Set3 is not required for lightinduced expression of FRQ1, it does have a role in modulating FRQ1 expression under steady
state conditions (i.e., constant light and constant darkness). Additional experimentation will be
required to elucidate the exact role Set3 plays in the regulation of FRQ1 expression. For
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example, a remaining question is whether Set3 is required for the circadian oscillation of FRQ1
expression under free-running conditions.

4.5. Conclusions And Future Directions
This work demonstrates the first link between histone modification and the regulation of light,
secondary metabolism, and pathogenesis in C. zeae-maydis. This work additionally provides a
foundation for unraveling the role of histone modification and pathogenesis in C. zeae-maydis
and other Cercospora spp. We identified a role for Set3 in light-dependent biology of C. zeaemaydis (e.g., cercosporin biosynthesis, conidiation, foliar infection, and pre-penetration
infectious development). We further identified a role for Set3 in the regulation of FRQ1
expression and, by extension, the Crp1-mediated signaling, which provides a means to further
explore exactly how histone modifications regulate the Crp1/Crp2/Frq1 circuit. Together, this
data indicates that Set3 is likely involved in light-mediated development in C. zeae-maydis, and a
working hypothesis is that Set3C acts downstream of Crp1 to fine-tune the regulatory network
underlying pre-infectious development through histone modification at the frequency locus.
Future work will explore the role of Hos2, which is the catalytic subunit of Set3C, in
secondary metabolism. This will allow us to determine if the phenotypes observed in this study
are dependent on Set3C activity or result from a Set3C-independent mechanism. Additionally, it
will be important to determine the extent to which Set3 regulates FRQ1 expression in further
detail. For example, it will be important to determine how FRQ1 expression changes over time
during circadian rhythmicity and/or during pre-penetration infectious development in the host
environment. Lastly, chromatin remodeling at the frq locus during circadian rhythmicity is
dependent on histone acetylation status in N. crassa (Belden, Loros, and Dunlap 2007; Brenna et
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al. 2012; Grimaldi et al. 2006; Sun et al. 2016) and data indicates that a histone deacetylase (in
addition to RPD-3) is important for histone acetylation status at the frq locus during circadian
rhythmicity (Sun et al. 2016). It is thus possible that the Set3 ortholog, NcSET-4, or Set3C
equivalent is required for histone deacetylation activity at the frq locus and overt circadian
rhythmicity in the model fungus N. crassa, supporting a hypothesis that Set3 has a conserved
role in the regulation of frq in diverse fungi.
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3.7 Tables and Figures
Table 4.1. Strains used in this study.
Strain
SCOH1-5
SCOH1-5gGFP
Δset3-86
Δset3-88
SET3EC-41
SET3EC-49
Δset3-86/SET3-9
Δset3-86gGFP

Genotype
Wild type
gGFP::neo
Δset3::hph
Δset3::hph
SET3EC::hph
SET3EC::hph
Δset3::hph,SET3::neo
Δset3::hph,gGFP::neo

Reference
Shim and Dunkle, 2002
Described in Chapter 2
This study
This study
This study
This study
This study
This study
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Table 4.2. Primers used in this study.
Primer
CZM115974_A1
CZM115974_F1
CZM115974_F1N
CZM115974_F2
CZM115974_F3
CZM115974_F4N
CZM115974_F4
CZM115974_A2
CZM115974_PF
CZM115974_PR
CZM115974_C1
CZM115974_C2
HY
YG
HYN
YGN
HYG_PF
HYG_PR
M13F
M13R
TUB2_rtF2
TUB2_rtR2
FRQ1_rtF2
FRQ1_rtR2

Sequence (5′–3′)a
GGCAATTCGACCAATGGACACTTCA
TCATGGCTGCTGTGGGAAGA
CGCAGCTCAGGTGGTTGTTG
attacaattcactggccgtcgttttacCTCGCACAGCTCCAGTCTCA
cgtaatcatggtcatagctgtttcctgAAAGTGTGCCTCCGACAGTCA
GGCGATGGAGGCGGATAGAT
GCTGCTGATTGAACCGCACTT
CGCCATTGATGTCTGCTGGTT
CACCGACCAGCCCTCTCATT
GAGAAGTGGGCGTCGGTCAT
ggtcgacggtatcgataagcttgatACGGTGGTGAATGCTGGGAAT
atcccccgggctgcaggaattcgatTCTGTAGCTCCTCGTGGGACT
GGATGCCTCCGCTCGAAGTA
CGTTGCAAGACCTGCCTGAA
TAGCGCGTCTGCTGCTCCATACAAG
ACCGAACTGCCCGCTGTTCTC
CCAGTGATACACATGGGGATCAGC
GGATATGTCCTGCGGGTAAATAGCTG
GTAAAACGACGGCCAGTGAATTGTAAT
CAGGAAACAGCTATGACCATGATTACG
GAGATCGTCCATCTTCAAACC
AGGTCAGACGTGCCATTGTA
GGCGATCGCAAAGCGAATGG
TCAGCCAGCGGTCCTCTCTT

a

Nucleotides in lower case are not present in template but facilitate PCR-based fusion, Gibson
assembly, and/or addition of restriction enzyme sites.
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Figure 4.1. Targeted deletion of SET3 in Cercospora zeae-maydis. (A) Schematic representation
of the SET3 locus in C. zeae-maydis and the split‐marker strategy used for targeted deletion.
Blue blocks represent SET3 exons. White blocks and dark grey blocks represent untranslated
regions and exons, respectively of adjacent genes. Arrows indicate gene directionality. Black
bars represent the locations of probes relative to genomic loci. (B) Strains SCOH1-5 (wild type),
Δset3-86, and Δset3-88 were validated by polymerase chain reaction (PCR) with the primer
pairs: CZM115974_PF/CZM115974_PR (Probe 1), CZM115974_A1/HY (Probe 2) and YG/
CZM115974_A2 (Probe 3). Strain descriptions are presented in Table 4.1. Probe 4 was not used
in this study.
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Figure 4.2. Deletion of SET3 blocks production of the light-regulated secondary metabolite,
cercosporin. Strains SCOH1-5 (wild type), Δset3-86, Δset3-88, Δset3-86/SET3-9
(complementation of Δset3-86 with the wild-type SET3 allele), and SET3EC (SET3EC-41; ectopic
integration of SET3 deletion cassette) were spread onto 0.2× PDAG medium and grown under
constant light, 12 h:12 h light:dark, or constant darkness. Cultures were visually assessed for
cercosporin accumulation 8 days after inoculation (dai). Cercosporin accumulated as a reddish
pigment in the culture medium.
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Figure 4.3. Deletion of SET3 impacts colony morphology in a light-dependent manner. Strains
SCOH1-5 (wild type), Δset3-86, and Δset3-88 were spotted onto V8 agar medium and grown
under constant light, 12 h:12 h light:dark, or constant darkness. Cultures were visually assessed
for colony morphology 4 days after inoculation (dai).
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Figure 4.4. Deletion of SET3 impacts conidiation in a light-dependent manner. (A) Strains
SCOH1-5 (wild type), Δset3-86, Δset3-88, and SET3EC (SET3EC-41; ectopic integration of SET3
deletion cassette) were grown on V8 agar medium under constant darkness. Conidia were
collected and quantified 4 days after inoculation (dai). (B) Strains were grown on V8 agar
medium under constant light. Conidia were collected and quantified 4 dai. Points represent
values of biological replications. Bars represent standard deviation of the mean. Statistical
differences were determined using one-way ANOVA and Tukey's honestly significant difference
(HSD) post hoc test. One-way ANOVA results (p-values) are presented. Different letters indicate
statistically significant differences (p < 0.05) determined by Tukey’s HSD test.
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Figure 4.5. Set3 is important for pre-penetration infectious development. Strains SCOH1-5 (wild
type) and Δset3-86 constitutively expressing green fluorescent protein (GFP) were sprayed onto
the two youngest, fully expanded leaves of four-week-old maize plants. The percentage of
appressorium formation per stoma encountered was determined 4 days after inoculation. Bars
represent standard deviation of the mean. Statistical differences were determined using Student’s
t-test. ** indicates statistically significant differences (p < 0.01) determined by Student’s t-test.
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Figure 4.6. Deletion of SET3 impairs foliar infection, lesion development, and in planta
conidiation. (A) Strains SCOH1-5 (wild type), Δset3-86, and Δset3-88 were sprayed onto the
two youngest, fully expanded leaves of four-week-old maize plants and visually assessed for
lesion development 14 days after inoculation (dai). A mock treatment was included as a control.
(B) Individual lesions were visually assessed 16 dai. Scale bar = 0.5 cm. (C) Regions with
individual lesions were removed from inoculated plants 21 dai and incubated in moist chambers
for 7 d to induce conidiation.
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Figure 4.7. Set3 is important for appressorium formation in vitro. Strains SCOH1-5 (wild type),
Δset3-86, and Δset3-88 were assessed for formation of appressoria in vitro. (A) The percentage
of germlings forming appressoria in vitro was quantified after 84 h. (B) The number of in vitro
appressoria formed per germling was determined after 84 h. Points represent values of biological
replications. Bars represent standard deviation of the mean. Statistical differences were
determined using one-way ANOVA and Tukey's honestly significant difference (HSD) post hoc
test. One-way ANOVA results (p-values) are presented. Different letters indicate statistically
significant differences (p < 0.05) determined by Tukey’s HSD test.
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Figure 4.8. Set3 is dispensable for light-mediated induction of FRQ1 but is required for wildtype levels of FRQ1 in constant light and constant darkness. Strains SCOH1-5 (wild type) and
Δset3-86 (Δset3) were assessed light regulation of FRQ1 expression. (A) Strains were grown in
constant darkness for 2 d then exposed to a 30 min pulse of white light or maintained in constant
darkness. FRQ1 mRNA level was determined by reverse transcription-quantitative PCR (RTqPCR) and is presented as level following light pulse relative to constant darkness for each
strain. (B) Strains were grown in constant light for 2 d. (C) Strains were grown in constant
darkness for 2 d. For panels B and C, FRQ1 mRNA level was determined by RT-qPCR and is
presented as mRNA level in steady state conditions relative to the wild type. For all panels, bars
represent standard error of the mean. Statistical differences were determined using Student’s ttest. * indicates statistically significant differences (p < 0.05) determined by Student’s t-test.
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Chapter 5. Summary and Conclusions

Cercospora is among the most prevalent and important groups of plant pathogenic fungi. The
genus is comprised of over 3000 species and cause disease in many major crops. Individual
species, however, are generally limited to a narrow host range. Gray leaf spot is a globally
important foliar disease of maize and particularly damaging in developing regions of world. The
disease is caused by two closely related species, C. zeae-maydis and C. zeina. Despite the
importance of gray leaf spot in global maize production, the fundamental biology underlying
how C. zeae-maydis and C. zeina cause disease is poorly understood. As such, it is unknown how
potential differences between the two pathogens could impact current management practices
and/or the development of novel control strategies. To close this knowledge gap, C. zeae-maydis
has been harnessed as a model to dissect the fundamental biology of gray leaf spot pathogens and
other Cercospora species. In C. zeae-maydis, light is a critical environmental signal linked to
pathogenesis and secondary metabolism. However, the mechanisms by which the fungus senses
and responds to light are not fully understood. Thus, the overarching goal of this project was to
unravel the connection between light and pathogenesis in C. zeae-maydis.
The conserved fungal protein White Collar-1 (WC-1), designated Crp1 in C. zeae-maydis,
senses light and initiates physiological responses. In fungi, WC-1 functions in the White Collar
Complex via interaction with White Collar-2 (WC-2). In this study, the WC-2 ortholog of C.
zeae-maydis, Crp2, was found to be involved in many of the same processes as Crp1, including
pathogenesis. The light-mediated response initiated by Crp1 included transcriptional induction of
the conserved circadian clock component frequency (FRQ1), which also displayed circadian
rhythmicity. Deletion of FRQ1 impaired pathogenesis. Although overexpression of frequency in
other fungi impairs clock function, overexpression of FRQ1 did not impact virulence in wild-
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type C. zeae-maydis but partially restored virulence in a Crp1-deficient strain. Characterization
of the Defective in Binding DNA (DBD) region of Crp1 revealed a conserved role in the fungal
circadian clock, but the domain was dispensable for pathogenesis. Additionally, Crp1 and Frq1
regulated the biosynthesis of, and self-protection against, cercosporin, a light-regulated
secondary metabolite produced by C. zeae-maydis. Specifically, the stress response MAPKKK
gene CZK3 and the cercosporin transporter gene CFP1 showed circadian rhythmicity, and the
physiological response to cercosporin was dependent on the circadian clock. Lastly, Set3, a
conserved component of histone deacetylation, was found to be important for pathogenesis,
secondary metabolism, and transcriptional regulation of FRQ1.
In summary, the results of this study suggest that (1) C. zeae-maydis has a circadian clock
that requires Crp1 and Frq1, (2) a Crp1/Crp2-mediated light response drives pathogenesis
through regulation of FRQ1, (3) Set3 modulates FRQ1 following Crp1/Crp2 activation possibly
through changes in histone acetylation, and (4) Frq1 has clock-independent role in pathogenesis
and a clock-dependent role in cercosporin resistance. These phenomena have not been previously
described and, as such, substantially advance the fundamental understanding of how C. zeaemaydis utilizes light to regulate pathogenesis with potentially broad application to other fungi.
Many organisms rely on a light-regulated circadian clock to anticipate diurnal changes in the
environment and adapt accordingly. Circadian regulation is central developmental driver for
many organisms, yet little is known regarding clock function in pathogenic fungi. This work
defines the central circadian oscillator in C. zeae-maydis and begins to reveal the extent to which
light regulation and circadian regulation may influence host infection and pathogenesis. As such,
this work provides new mechanistic insight into how fungi regulate developmental strategies
underlying pathogenesis and helps generate testable hypotheses to help steer future research. In
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addition, a deeper understanding of the connection between light regulation, circadian clcks, and
fungal pathogenesis could potentially augment efforts to identify novel antifungal targets and
improve disease resistance to C. zeae-maydis and other pathogens.
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